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Early  Fire-Control  Radars  for  Naval  Vessels 

By  W.  C.  TINUS  and  W.  H.  C.  HIGGINS 
Introduction 

FOR  a  number  of  years  before  the  war  a  very  intensive  development 
efifort  was  under  way  in  the  Army  and  Navy  laboratories,  and  in  sev- 
eral commercial  laboratories,  on  the  application  of  radio  methods  to  the 
location  of  objects  at  a  distance.  The  equipment  which  resulted  was 
eventually  called  "Radar"  equipment  by  the  Navy  and  this  term  is  now 
almost  universally  used.  The  urgent  needs  of  the  war  have  resulted  in  the 
very  rapid  development  and  extensive  application  of  this  new  science 
during  the  last  few  years. 

Radar  equipments  of  many  different  types  have  been  designed  to  perform 
specific  functions  on  land  and  sea,  and  in  the  air.  These  equipments 
have  had  an  important  part  in  the  winning  of  the  war  and  the  recent  re- 
laxation in  secrecy  regulations  now  permits  publishing  some  of  the  story. 
In  this  present  article  a  description  of  the  Mark  3  and  4  Fire-Control 
Radars  for  Naval  Vessels  will  be  given,  together  with  a  little  of  the  history 
that  preceded  their  development. 

Historical  Background 

When  the  Bell  Telephone  Laboratories  began  active  radar  development 
work  early  in  1938  an  effort  was  made  to  set  technical  objectives  for  this 
work  that  would  avoid  duplication  of  the  intensive  work  then  under  way  in 
the  Army  and  Navy  laboratories,  and  that  would  advance  the  art  toward 
the  solution  of  some  of  the  recognized  basic  problems.  The  general  ob- 
jectives were  to  increase  the  accuracy  of  radar  measurement  of  location  and 
to  increase  as  much  as  possible  the  operating  carrier  frequency.  The 
reasons  for  these  objectives  are  discussed  in   the  following  paragraphs. 

The  state  of  the  art  at  the  time  under  discussion  has  been  partially  de- 
scribed in  a  recent  paper  by  Maj.  Gen.  R.  B.  Colton.'  The  work  he  de- 
scribed and  directed  was  carried  out  at  the  Signal  Corps  Laboratories  at 
Fort  Monmouth,  New  Jersey  and  was  directed  principally  toward  solving 

1  "Radar  in  the  U.  S.  Army"  by  Maj.  Gen.  Roger  B.  Colton,  published  in  the  Proceedings 
of  the  I.  K.  E.,  November,  1945. 
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the  ground  forces'  problems  of  aircraft  warning  and  searchlight  control. 
At  the  same  time  intensive  work  was  being  pursued  at  the  Naval  Research 
Laboratory  at  Anacostia,  D.  C.  under  the  direction  of  Dr.  A.  H.  Taylor, 
Dr.  R.  M.  Page  and  Mr.  L.  C.  Young.  Their  work  was  directed  primarily 
toward  developing  radar  equipment  that  would  be  useful  aboard  ship,  and 
it  was  from  them  and  from  the  engineers  of  the  Na\^  Department  that  the 
principal  inspiration  and  guidance  for  the  work  described  in  this  paper  were 
obtained. 

The  first  military  application  in  which  radar  equipment  proved  its  use- 
fulness was  in  the  detection  of  approaching  aircraft.  For  this  kind  of 
apphcation  the  radar  is  not  required  to  locate  the  approaching  planes  with 
very  great  accuracy  and  the  experimental  radars  of  1938  and  1939  per- 
formed this  function  in  quite  a  useful  way.  The  fact  that  the  first  appli- 
cation of  radar  was  a  strictly  defensive  one  may  account  in  part  for  the 
great  interest  and  support  given  radar  work  in  England  and  in  this  countr}^, 
while  apparently  much  less  radar  work  was  done  before  the  war  by  the 
scientists  of  Germany  and  Japan.  Thus,  when  radar  later  became  a  power- 
ful and  versatile  aid  to  offense,  the  enemy  nations  found  themselves  years 
behind  in  development. 

Very  early  in  their  work  the  men  of  the  Naval  Research  Laboratory 
recognized  the  potential  ability  of  radar  to  help  solve  the  fire-control  prob- 
lem. Since  this  problem  determined  the  design  of  the  radar  systems  to  be 
described  later  in  this  paper  a  brief  general  discussion  of  fire  control  is  given 
here.  The  term  fre  control  refers  broadly  to  the  means  b}-  which  a  gun  or 
other  weapon  is  aimed  and  fused  so  that,  when  fired,  the  projectile  will  hit 
or  burst  near  the  intended  target.  A  fire-control  system  includes  two 
major  parts:  first,  a  locating  device  for  determining  the  present  position  of 
the  target;  and  second,  a  computing  device  which  analyzes  the  present 
position  data,  computes  the  target's  course  and  speed,  and  the  position  the 
target  will  occupy  at  the  future  time  when  the  projectile  arrives  at  that 
point,  and  finally  furnishes  the  correct  aiming  and  fusing  information  to 
the  guns.  A  modern  fire-control  system  does  these  things  in  a  continuous 
manner  so  the  guns  remain  correctly  aimed  and  can  be  fired  at  any  time 
during  the  engagement. 

Before  the  war  the  present  position  of  the  target  was  ordinarily  de- 
termined by  optical  instruments.  Operators  tracked  the  target  by  con- 
trolling their  telescopes  in  such  a  way  that  the  target  remained  on  the 
crosshairs  in  their  eyepieces.  Thus  the  azimuth  and  elevation  angles 
were  found.  Another  operator  measured  the  range  to  the  target  with  an 
optical  range  finder,  or  indirectly  estimated  range  from  the  angular  extent 
of  the  target  and  its  estimated  size. 

The  accuracy  of  this  optical  system  in  determining  azimuth  and  elevation 
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angles  is  very  good  provided  the  target  can  be  seen  clearly.  This  proviso  is 
a  serious  limitation  under  many  typical  operating  conditions.  It  is  fre- 
quently difficult  to  see  a  target  at  a  range  of  several  miles  on  account  of 
haze  even  on  a  relatively  clear  day,  and  at  night  or  in  fog  or  smoke  screen 
the  usefulness  of  a  telescope  is  almost  nil.  The  optical  range  finder  is 
subject  to  the  same  limitations  as  the  telescope  and  in  addition  leaves 
much  to  be  desired  in  the  matter  of  accuracy  and  continuity  of  data  even 
under  the  best  visibility  conditions.  This  is  due  to  the  fact  that  optical 
range  tinders  are  triangulation  devices  which  inherently  have  accuracy 
limitations.  The  need  for  a  long  and  very  stable  base  line  between  the 
prisms  of  an  optical  range  finder  is  difficult  to  meet  aboard  ship,  and  the 
principle  of  operation  makes  inevitable  a  rapidly  decreasing  accuracy  with 
increasing  range.  Thus,  as  the  effective  range  of  guns  increased,  the  need 
for  more  accurate  means  for  measuring  range  became  more  acute. 

In  its  earliest  forms  radar  offered  at  once  a  potential  means  for  measuring 
range  with  much  better  accuracy  than  that  of  the  optical  range  finder. 
This  was  due  to  the  different  principle  on  which  radar  works.  A  pulse  of 
radio  frequency  energy  is  sent  out  to  the  target  and  the  echo  signal  is  re- 
ceived back  at  the  source.  The  velocity  of  the  waves  en  route  is  the 
same  as  that  of  light,  and  is  one  of  the  basic  physical  constants.  To  measure 
range  accurately  with  radar  required  only  the  development  of  techniques 
for  producing  short  transmitted  pulses  and  for  measuring  accurately  the 
short  intervals  of  time  between  the  transmitted  pulse  and  the  returning 
echo  pulse.  Both  of  these  were  the  kind  of  problems  which  yield  readily 
to  electronic  solutions.  The  early  work  in  Bell  Telephone  Laboratories 
thus  included  the  production  of  shorter  transmitted  pulses  than  were 
being  commonly  used,  and  the  development  of  improved  range  measuring 
means. 

The  second  important  general  objective  for  the  early  work  at  Bell 
Telephone  Laboratories  was  to  devise  equipment  which  would  operate  at 
frequencies  much  higher  than  had  been  previously  used.  The  need  for 
higher-frequency  operation  arose  from  the  fact  that  for  a  given  size  of 
antenna  the  beam  width  decreases  with  increasing  frequency  while  the 
gain  increases.  Narrow  beams  are  required  to  obtain  accurate  angular 
data  wiiile  increased  gain  is  desirable  since  it  obviously  provides  increased 
range  for  a  given  transmitter  power  and  receiver  noise  figure.  These  factors 
are  illustrated  by  the  curves  of  Figs.  lA  and  IB  which  show  the  relationship 
between  beam  width,  antenna  gain  and  antenna  size  expressed  in  wave- 
lengths. The  curve  labeled  "uniform  illumination"  yields  maximum  gain 
and  minimum  beam  width  for  a  given  antenna  size  but  produces  unwanted 
side  lobes  of  undesirable  amplitude.  For  this  reason  the  illumination  is 
usually  graded  over  the  antenna  aperture  to  reduce  minor  lobes.     The  gain 
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and  beam  width  obtained  in  this  manner  are  shown  by  shaded  area  labelled 
usual  design  values.     The  need  for  higher  frequency  or  shorter  wavelength 
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was  apparent  to  all  of  the  early  experimenters  since  physical  limitations 
restricted  the  size  of  antenna  which  could  be  installed  conveniently  aboard 
ship.  However,  development  effort  along  these  lines  had  previously  been 
hampered  by  lack  of  suitable  vacuum  tubes. 

In  spite  of  the  vacuum  tube  dilTiculties  the  Laboratories  work  was  started 
in  the  range  from  500  to  700  mcs,  a  region  several  times  that  then  in  use  at 
the  Army  and  Nav}^  laboratories.  The  best  tubes  available  were  those  of 
the  doorknob  type  which  have  been  described  in  the  literature  by  A.  L. 
Samuel-  and  are  illustrated  in  Fig.  2.  The  smallest  of  these  was  used  in 
the  receiver  input  circuits  and  two  of  the  middle  sized  ones  were  used  in 
the  tramsmitter  oscillator.  These  triodes  operated  at  quite  high  frequencies 
by  virtue  of  the  \ery  small  spacing  between  their  electrodes,  a  feature  which 
made  them  fragile  and  demanded  the  development  of  plate  modulation. 
Earlier  radars  had  generally  used  grid  keyed  oscillators,  i.e.,  the  plate 
voltage  was  applied  to  the  oscillator  continuously  together  with  a  high  grid 
bias  voltage.  The  bias  was  removed  momentarily  by  the  keyer  to  emit  a 
pulse.  In  order  to  obtain  a  useful  pulse  output  from  the  doorknob  oscillator 
tubes  it  was  found  essential  to  remove  all  stress  from  them  e.xcept  during 
the  pulse.  This  was  accomplished  by  using  a  direct  coupled  pulse  am- 
plifier or  modulator,  eflfectively  in  series  with  the  oscillator  and  the  power 
supply.  Here  again  in  1938  no  really  suitable  tubes  were  available  for 
the  modulator  service  since  it  also  demanded  a  highly  intermittent  duty. 
However,  since  the  modulator  duty  did  not  require  the  tubes  to  operate  at 
ver}'  high  frequency  it  was  possible  to  use  rugged  high-voltage  triodes  which 
had  been  designed  for  continuous  service,  and  to  obtain  the  required  pulse 
current  capacity  by  paralleling  a  number  of  tubes.  The  earliest  radar 
modulators  used  in  the  Laboratories  employed  a  group  of  Eimac  100-TH 
tubes.  Later,  in  the  CXAS  and  Mark  1  Radars,  sLx  tubes  similar  to  the 
W.  E.  356A  were  used  in  parallel. 

After  a  great  deal  of  laboratory'  work  an  experimental  equipment  was 
assembled  and  demonstrated  to  the  Army  and  Navy  in  July  1939.  This 
early  radar  was  notable  in  that  it  operated  at  what  was  then  considered  a 
ver}'  high  frequency  and  also  in  that  it  employed  a  single  antenna  only 
about  6  ft.  square.  The  transmitter  and  receiver  were  connected  to  the 
common  antenna  by  a  duplexing  technique  to  be  described  later,  which  had 
been  applied  at  lower  frequencies  by  engineers  at  the  Xaval  Research 
Laboratory.  The  results  of  these  first  field  tests  were  encouraging  and 
both  the  Army  and  the  Navy  ordered  one  prototype  model  equipment  to 
be  known  as  the  CXAS.  This  radar  was  to  operate  at  500  or  700  mcs  and 
was  to  incorporate  a  number  of  new  features  which  were  designed  to  make  it 

^Proceedings  of  I.  R.  E.,  Vol.  25,  page  1243,  19W— "Negative  Grid  Triode  Oscillator 
and  Amplifier  for  Ultra  High  Frequencies."     Digest  in  Oct.  1937  B.  S.  T.  J. 
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convenient  to  operate  and  to  provide  a  range  accuracy  that  would  be  useful 
in  fire  control.  Since  this  early  radar  is  of  cosideraljle  historiial  im- 
])ortancc  it  will  be  described  in  some  detail. 


'"'K^se--- 


Fig.  3— C.VA.-5— Aiucnnii 

The  CXAS  Radar 
This  equipment  was  divided  into  three  major  assemblies  and  the  circuits 
were  arranged  so  the  three  could  be  installed  at  some  distance  from  each 
other.  The  antenna  (see  Fig.  3)  consisted  of  a  cylindrical  parabolic  re- 
flector about  6  ft.  square  with  an  array  of  eight  half-wavelength  dipoles 
along  the  focal  line.  With  shipboard  use  in  mind  the  reflector  was  per- 
forated to  minimize  wind  resistance  and  the  dipole  and  coaxial  line  feed 
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system  was  made  weatherproof,  which  was  accomplished  by  making  the 
line  system  pressure-tight  and  filling  it  with  dry  gas.  The  gas-line  system 
was  extended  to  include  the  radiating  elements  by  covering  the  latter  with 
pyrex  test  tubes  sealed  to  the  support  with  a  packing  gland  as  shown  in 
Fig.  4.  A  device  was  included  in  each  dipole  assembly  for  supplying  the 
two  half-wavelength  radiating  elements  with  balanced  voltages  from  the 
unbalanced  line,  while  a  coaxile  line  harness  including  impedance  matching 


m 


Fig.  4— CX.\S— Dipoles 

transformers  was  used  to  connect  the  several  dipole  assemblies  and  provide 
a  matched  load  to  the  single  transmitter-receiver  line.  A  schematic  dia- 
gram of  this  arrangement  is  shown  in  Fig.  5.  The  contemplated  use  of 
this  radar  was  for  surface  targets  or  low-flying  planes  and  rotation  was 
provided  only  in  azimuth.  A  gas-tight  rotary  joint  was  developed  to  carry 
the  I"  coaxial  line  through  the  azimuth  axis  (Fig.  6). 

The  operator's  cathode  ray  oscillograph  indicator  and  all  of  the  essential 
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Fi"-.  5— CXAS— Antenna  schematic 


Fig.  ^CXAS-Rotary  joint  &  transmission  line  fittings 


10 


BELL  SYSTEM  TECHNICAL  JOURNAL 


Fig.  7 — CXAS — Indicator  desk — covers  removed 

operating  controls  were  combined  into  an  assembly  called  the  Indicator 
Desk,  a  photograph  of  which  is  shown  in  Fig.  7.  This  was  intended  for 
indoor  mounting  below  the  antenna  in  such  a  position  that  the  azimuth 
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hand  wheel  on  the  desk  could  be  connected  to  the  antenna  turntable  by  a 
shaft.  The  indicator  employed  a  7"  cathode  ray  tube  and  dis[)Iayed  the 
radar  signals  by  what  is  now  known  as  a  Class  A  sweep  with  a  full  scale  of 
100,000  yards.  A  pioneering  feature  of  this  indicator  was  the  i)rovision  of 
a  series  of  electronic  range  marks  to  increase  the  accuracy  with  which  target 
range  could  be  read.  Earlier  indicators  had  used  a  ruled  mask  for  the 
range  scale  and  had  suffered  in  accuracy  due  to  parallax,  sweep  non-lin- 
earity, drift  of  sweep  position,  etc.  The  CX.'\S  provided  sharp  pulses  to 
mark  the  10,0()0-}-ard  intervals  along  the  sweep  line,  and  smaller  pulses  to 
mark  the  intervening  2,000-yard  intervals.  This  system  was  free  from 
the  errors  of  the  ruled  mask  and  permitted  range  readings  accurate  to 
±200  yards  throughout  the  100,000-}-ard  scale.  Provision  was  also  made 
to  e.xpand  any  desired  20,000-3-ard  segment  of  the  scale  to  fill  the  entire 
tube  screen  so  that  signals  could  be  examined  more  closely.  The  ranges 
corresponding  to  the  10,000-yard  intervals  were  designated  by  illuminated 


RANGE-THOUSANDS  OF  YARDS  RANGE-THOUSANDS  OF   YARDS 

Fig.  8 — CXAS — Range  mark  system 

numerals  located  directly  below  the  electronic  scale.  The  presentation 
obtained  with  this  arrangement  is  indicated  in  Fig.  8  which  shows  the 
electronic  calibration  marks,  transmitted  pulse,  and  an  echo  at  43,000 
yards  on  both  the  full  and  expanded  scales. 

The  third  part  of  the  CXAS  equipment  was  an  assembly  known  as  the 
Transmitter-Receiver  or  Main  Unit.  It  was  designed  to  be  unattended  in 
normal  operation  and  contained  the  Pulse  Generator,  Radio  Receiver, 
Power  Control  Panel,  Radio  Transmitter,  and  H.\'.  Rectifier,  which  were 
all  built  as  removable  drawer  type  units.  .A  side  compartment  in  the 
Main  Unit  also  housed  the  duplexing  circuits,  gas  equipment  for  the  trans- 
mission line,  and  some  built-in  test  equipment,  including  a  wavemeter  and 
monitoring  rectifier.  The  Main  Unit  and  its  sub-units  are  shown  in  Figs. 
9  to  14,  respectively.  A  single  -}''  coaxial  transmission  line  provided  con- 
nection from  the  Main  Unit  to  the  antenna. 

In  order  to  use  a  single  antenna  for  both  transmission  and  reception, 
means  had  to  be  provided  to  effectively  disconnect  the  receiver  during  the 
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Fig.  9-CXAS-Main  unit 

transmitted  pulse  and  to  effectively  disconnect  the  transmitter  when  the 
echo  is  received.     If  this  were  not  done,  a  large  part  of  the  transmitted 
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energy  would  be  dissipated  in  the  receiver.  Also,  the  minute  received 
energy  would  be  partially  lost  in  the  transmitter  outjjut  circuit  thus  re- 
ducing the  maximum  range.  Because  of  the  extremely  short  time  in- 
tervals between  transmitted  and  received  pulses,  ordinary  switching  methods 
cannot  be  used.  A  duplexing  technique  mentioned  earlier  was  therefore 
developed  to  provide  this  function.  In  the  CXAS  Radar  this  switching 
was  obtained  by  connecting  the  transmitter  and  receiver  to  the  antenna 
transmission  line  through  adjustable  lengths  of  coaxial  line  which  were 
preset  for  a  given  operating  frequency  to  be  effectively  an  odd  multiple  of 


Fig.  10 — CXAS — Modulation  or  pulse  generator 

one-quarter  wavelength  long.  During  the  transmitted  pulse,  a  small 
amount  of  the  transmitted  power  overloaded  the  first  tube  in  the  receiver 
and  provided  a  low  impedance  at  that  point.  Due  to  the  line  length 
between  receiver  and  junction  point  this  low  impedance  is  reflected  as  a 
high  impedance  at  the  junction  point  with  the  result  that  very  little  power 
is  lost  in  the  receiver  line.  At  the  end  of  the  transmitted  pulse  the  output 
impedance  of  the  transmitter  consists  only  of  the  small  inductance  of  the 
output  coupling  loop  and  this  impedance  is  reflected  by  proper  choice  of 
Hne  length  as  a  very  high  impedance  at  the  junction  joint  with  the  receiver 
Ime.     Thus,  most  of  the  received  echo  is  directed  to  the  receiver  input 
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Fig.  12 — CXAS — Power  control  panel 


ri".  13— CXAS— TiansmiUcr 
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circuit.     The  adjustable  duplexing  transmission  lines  may  be  seen  in  the 
side  compartment  of  the  Main  Unit  on  Fig.  9. 

The  equipment  just  described  could  be  operated  over  a  small  frequency 
band  of  about  40  megacycles  in  the  neighborhood  of  either  700  or  500  meg- 
acycles. The  transmitter,  receiver,  and  duplexing  circuits  were  tunable 
over  the  entire  range,  but  it  was  necessary  to  set  up  the  antenna  for  one 
band  or  the  other.  This  was  accomphshed  by  installing  the  proper  one  of 
the  two  sets  of  dipoles  furnished,  and  installing  or  omitting  a  set  of  wedges 


Fisr.  14— CXAS— High  voltaKC  rectifier 


which  tilted  the  reflector  wings  to  change  the  parabola  focal  length.  This 
antenna  set  a  precedent  in  design  in  that  the  dipoles  and  coaxial  harness 
were  designed  for  fairly  broadband  operation  and  were  entirely  free  from 
field  tuning  adjustments  which  had  been  very  troublesome  in  earlier 
equipment. 

The  CXAS  Radar  was  demonstrated  to  the  Navy  in  December  1940. 
After  a  few  tests  it  was  decided  by  the  Navy  to  standardize  on  the  700- 
megacycle  band.  One  of  the  principal  reasons  for  this  was  that  the  tests 
had  proved  the  superiority  of  shorter  waves  for  surface  target  work;  the 
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CXAS  having  regularly  out-performed  much  higher  powered  equipment 
operating  at  100  or  200  megacycles  for  this  service.  The  reason  for  this 
can  best  be  uuderstood  by  reference  to  Fig.  15  whicli  illustrates  what  happens 
when  a  radio  beam  is  directed  horizontally  over  water.  The  beam  breaks 
up  into  an  interference  pattern  of  several  rays  due  to  reflection  from  the 
surface;  the  position  of  the  lowest  ray  depending  only  upon  the  height  of 
the  antenna  measured  in  wavelengths  above  the  water.     Since  the  mount- 

RADIATION     PATTERN     IN      PRCSENCEI     OF     PERFECT     REFLECTING    SURFACE 


ANTENNA 


J 


e=2SIN     (27?—   SIN   e)  X  FfREE    SPACE     ANTENNA      PATTERN  | 

WHERE  H  =  ANTENNA     HEIGHT 

A=  WAVE    LENGTH    IN     SAME    UNITS    AS     H 
0  =  ELEVATION    ANGLE    IN    DEGREES 
C-  RELATIVE    FIELD    STRENGTH 
Fig.  15— Effect  of  surface  reflection  on  elevation  beam 

Table  I 

Operating  Frequency Tunable  680-720  mcs. 

Antenna Dipole  array  of  8  half-wave  radiators,  reflector  6'  x  6' 

beam  width  12  degrees,  gain  22  db. 

Transmitter  Pulse  Power Approximately  2  kw. 

Pulse  Repetition  Rate 1640  PPS 

Pulse  Duration Variai)le  in  5  steps  from  1  to  5  microseconds. 

Receiver-Superheterodyne 1  mc  bandwidth,  30  mc  IF  frequency. 

Receiver  Noise  Figure Approximatelv  24  db. 

Range  Cahbration '.  .  Electronic  marks  at  10,000  and  2,000  yard  intervals. 


ing  height  available  aboard  ship  is  fixed,  the  use  of  shorter  wavelengths 
made  it  possible  to  keep  the  lowest  ray  more  nearly  horizontal  where  it 
could  intercept  a  target's  superstructure  at  greater  distance. 

The  principal  characteristics  of  the  CXAS  Radar  as  set  up  for  operation 
at  700  megacycles  are  given  in  Table  I. 

This  equipment  gave  useful  results  on  surface  targets  at  ranges  of  10 
miles  or  more  (depending  on  the  size  of  the  target)  and  the  range  accuracy 
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of  about  ±200  yards  was  then  considered  very  usable  in  surface  target 
fire  control.  The  target  azimuth  could  also  be  determined  to  a  precision 
of  one  or  two  degrees  by  rapidly  swinging  the  antenna  back  and  forth  and 
observing  the  point  which  gave  a  maximum  echo  signal.  This  angular 
information  was  hardly  good  enough  for  fire  control  use.  The  equipment 
was  also  of  some  use  against  low  flying  aircraft  as  a  means  of  getting  better 
range  data  for  fire  control.  Minor  equipment  difficulties  were  not  entirely 
solved;  in  particular  the  doorknob  triodes  in  the  transmitter  had  a  very 
short  life  under  the  high  voltage  pulse  operating  conditions.  They  had,  of 
course,  been  designed  originally  for  CW  communication  use  and  strenuous 
development  effort  to  make  them  more  suitable  for  the  intermittent  high 
power  radar  use  had  not  been  very  successful. 

The  Mark  1  Radar 

In  spite  of  the  obvious  unsolved  development  problems  the  Navy  im- 
mediately ordered  10  equipments,  similar  to  the  CXAS,  for  use  in  the 
Fleet.  These  were  first  called  the  FA  Radio  Ranging  Equipment  but  the 
designation  was  later  changed  to  Radar  Mark  1.  Several  changes  were 
made  to  better  adapt  the  equipment  for  installation  aboard  ship,  the  princi- 
pal one  being  a  servo  driven  antenna  pedestal  of  the  amplidyne  type  which 
was  furnished  by  the  General  Electric  Company.  The  servo  system  elim- 
inated the  antenna  drive  shaft  problem  while  retaining  control  from  a 
handwheel  on  the  control  desk.  The  desk  was  also  modified  to  provide 
dials  reading  both  relative  and  true  azimuth  bearing,  the  latter  being  ob- 
tained by  interconnection  with  the  ships  gyro  compass  system. 

The  first  Mark  1  Radar  was  shipped  by  the  Western  Electric  Company 
in  June  1941  and  installation  on  the  USS  Wichita  was  completed  at  the 
Brooklyn  Navy  Yard  early  in  July  1941.  This  was  the  first  fire  control 
radar  in  our  Fleet  and  the  first  of  many  thousands  of  radars  of  all  types 
which  the  Western  Electric  Company  was  destined  to  build  for  the  Navy 
in  the  following  four  years. 

The  Mark  2  Radar 

While  the  ten  Mark  1  radars  were  being  built,  development  work  was 
proceeding  at  top  speed  on  major  improvements  designed  to  increase  per- 
formance, eliminate  operating  troubles,  and  to  make  this  new  device  fit 
better  into  the  existing  Hre  control  situation  aboard  ship.  The  older  opti- 
cal devices  were  neatl}-  integrated  into  a  S}-stem,  many  features  of  which 
were  automatic.  For  exami^le,  the  gyro  stabilized  telescopes  and  optical 
range  finder  were  assembled  into  a  compact  rotating  armored  box  called  a 
director,  located  high  on  the  ship.     Target  data  from  the  director  was  sent 
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automatically  by  synchro  data  transmitters  to  the  computer  below  decks, 
wliich  solved  the  fire  control  problem  and  likewise  transmitted  automatically 
the  correct  information  to  the  guns.  For  the  new  radar  target  locating 
device  to  fit  into  the  existing  system  it  was  necessary  to  make  its  angle 
finding  function  operate  more  in  the  manner  of  the  telescopes.  Not  only 
was  it  desired  to  determine  target  angles  more  accurately  but  it  was  nec- 
essar}'  to  track  target  position  continuously  and  smoothly.  Finally,  to 
take  care  of  the  anticipated  need  for  rapidly  changing  back  and  forth  during 
an  engagement  from  optical  to  radar  data  it  became  apparent  that  the 
same  operators  should  handle  both  jobs.  Thus  it  was  decided  that  the 
system  should  provide  the  existing  operators  with  oscilloscopes  to  sup- 
plement their  telescopes,  and  to  arrange  them  so  either  could  be  used  as 
desired.  Further  to  coordinate  the  data  it  became  obvious  that  the  radar 
antenna  should  be  connected  with  the  optics  in  such  a  way  that  the  two 
were  always  pointed  in  the  same  direction.  This  would  make  it  possible 
to  leave  the  existing  data  transmission  system  alone  and  would  avoid  any 
break  in  data  when  changing  from  optics  to  radar  or  vice  versa.  For 
example,  if  a  visible  target  disappeared  behind  a  fog  bank  the  telescope 
operator  would  simply  move  his  head  to  look  at  his  oscilloscope  and  data 
would  continue  to  flow  smoothly  to  the  computer  and  to  the  guns. 

Thus  the  engineers  of  the  Navy  decided  the  new  radar  device  could  be 
fitted  into  the  existing  fire  control  system.  Any  other  decision  would 
likely  have  required  modification  of  many  parts  of  the  system,  and  would 
have  delayed  the  extensive  use  of  fire  control  radar  by  a  matter  of  years. 
The  Bell  Telephone  Laboratories  were  accordingly  asked  to  modify  and 
improve  the  radar  design  to  make  possible  the  coordination  of  optics  and 
radar  as  just  discussed.  The  new  radar  was  to  be  called  Mark  2  and  was 
to  be  similar  to  the  Mark  1  but  modified  to  provide  continuous  tracking  in 
azimuth  with  an  accuracy  of  ±15  minutes  of  arc,  and  continuous  tracking 
in  range  with  an  accuracy  of  ±50  yards.  Further,  the  operator's  oscil- 
loscopes and  controls  were  to  be  put  into  small  units  that  could  be  mounted 
alongside  of  the  telescopes  in  the  director,  and  the  antenna  was  to  mount 
on  the  director.  These  requirements  demanded  some  important  forward 
steps  in  radar  development  which  will  be  described  in  some  detail.  Before 
Radar  Mark  2  got  into  production  a  much  higher  powered  transmitter  was 
developed  and  with  this  change  the  equipment  was  re-named  Radar 
Mark  3. 

The  Mark  3  Rad.ar 

The  general  arrangement  of  apparatus  for  this  radar  differed  from  the 
Mark  1  principally  in  the  indicators,  which  were  designed  to  mount  in  the 
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already  crowded  gun  director.  These  indicators  are  shown  in  Figs.  16,  17 
and  19.  Fig.  16  shows  the  range  operator's  oscilloscope,  called  the  Control 
and  Indicator,  which  was  located  near  the  optical  range  finder.  Adjacent 
to  this  unit  was  mounted  the  range  unit,  sliown  in  Fig.  17  by  means  of 
which  the  operator  could  select  the  target  to  be  followed  and  continuously 


Fig.  16 — Control  &  indicator — Radars  Mark  2,  3  &  4 


maintain  accurate  range  readings.  A  typical  installation  of  these  two 
units  is  shown  in  Fig.  18.  The  third  unit,  shown  in  Fig.  19,  is  called  a 
Train  or  Elevation  Indicator  and,  in  Radar  Mark  3  (which  was  for  sur- 
face fire  only)  this  indicator  was  mounted  adjacent  to  the  Train  (azimuth) 
Operator's  telescope. 

In  addition  to  the  Train  Indicator,  the  azimuth  operator  was  provided 
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Fig.  17 — Range  unit — Radars  Mark  2,  o  &  4 


Fig.  18 — Mark  3  Radar — Range  operator's  position  on  Cruiser  Honolulu  ^.\;ivy  Photo 

153-6-42) 
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with  a  Train  Meter  of  the  zero  center  type  which  indicated  the  direction  of 
deviation  from  true  target  position.  One  of  these  meters  of  early  design 
can  be  seen  in  Fig.  38.  Two  meters  of  later  design  are  shown  in  Fig.  39 
mounted  immediately  below  optical  telescopes.  The  pulse  generator, 
receiver,  transmitter,  rectifiers,  etc.,  were  located  below  decks  in  the  Trans- 


Fig.  19 — Train  or  elevation  indicator — Radars  Mark  2,  3  &  4 


mitter-Receiver,  or  Main  Unit  which  was  ver}'  similar  in  appearance  to 
the  Main  Unit  of  Radar  Mark  1  shown  in  Fig.  9. 

Two  types  of  antennas  were  provided  for  this  radar:  a  6  ft.  by  6  ft. 
parabolic  array  similar  to  the  Mark  1  antenna,  and  a  3  ft.  by  12  ft.  parabolic 
array.  Either  one  or  the  other  of  these  antennas  was  mounted  on  top  of 
the  gun  director  and  rotated  with  it  in  azimuth.  Both  were  provided  with 
azimuth  lobe  switching  to  be  described  later.  Because  of  the  relatively 
narrow  elevation  beam  of  the  6  ft.  by  6  ft.  array,  this  antenna  required  gyro 
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stabilization  in  elevation  to  take  care  of  pitch  and  roll  of  the  ship.  Such 
stabilization  was  not  required  with  the  broad  elevation  beam  obtained  with 
the  3  ft.  by  12  ft.  antenna;  and  in  addition,  this  wider  antenna  provided 
more  accurate  tracking  due  to  the  narrower  antenna  beam  in  azimuth. 
Installations  of  these  antennas  aboard  ship  arc  shown  in  Figs.  20  and  21 
and  22,  23  and  24. 


Fig.  20 — Radar  Mark  3  antenna  (6'  x  6')  on  Cruiser  Honolulu  (Navy  Photo  144-6-42) 


Antenna  Lobe  Switching 

The  problem  of  measuring  angles  accurately  with  a  relatively  broad 
radio  beam  has  been  faced  many  times  in  the  radio  direction  finding  art. 
The  most  successful  attack  has  made  use  of  the  fact  that  while  the  nose  of  a 
radio  antenna  beam  is  blunt,  the  sides  of  the  beam  are  relatively  steep;  i.e., 
while  the  rate  of  change  of  signal  amplitude  with  angle  is  very  low  near  the 
nose  of  the  beam  it  becomes  substantial  down  on  the  side  of  the  beam. 
A  very  well  known  application  of  this  principle  is  the  airway  radio  range 
wherein  two  very  broad  overlapping  beams  define  a  narrow  path  by  uti- 
lizing the  points  where  the  two  overlap  with  equal  intensity.  A  somewhat 
similar  scheme  in  which  the  antenna  beam  is  switched  rapidly  between 
two  positions  has  been  applied  in  radar,  and  in  an  early  form  was  first  used 
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in  this  country  by  the  Signal  Corps  in  the  work  described  by  General  Colton, 
to  which  reference  has  been  made. 

The  use  of  two  antenna  beam  (or  lobe)  positions  to  obtain  more  accurate 
radar  angle  data  is  referred  to  as  lobe  swilching  and  the  operating  principle 
is  illustrated  in  Fig.  25.  The  antenna  beam  is  shown  in  two  positions: 
position  1  being  directed  to  the  right,  and  position  2  to  the  left  of  the  me- 
chanical axis  of  the  antenna.  The  antenna  beam  is  caused  to  switch  rapidly 
between  these  two  positions,  and  simultaneous  with  this  switching  a  small 
horizontal  displacement  of  the  indicator  Class  A  sweep  is  introduced.     In 


Fig.  21— Radar  Mark  3  antenna  on  Destroyer  Porter  (Navy  Photo  2711-42) 


this  manner  the  signals  received  in  the  two  beam  positions  may  be  viewed 
separately.  The  speed  of  switching  is  made  sufficiently  high  to  minimize 
flicker  and  the  efifect  of  fading  signals.  It  will  be  noted  from  this  diagram 
that  the  signal  strength  received  from  target  A  is  the  same  for  both  beam 
positions  thereby  producing  equal  "pip"  heights  on  the  indicator  screen. 
However,  for  target  B  the  signal  amplitude  is  greater  in  position  1  than  in 
position  2  and  the  "pip"  amplitudes  on  the  indicator  differ  correspondingly. 
If  the  operator  wishes  to  track  target  B  it  is  only  necessary  for  him  to 
rotate  the  antenna  until  the  two  "pips"  are  of  equal  amplitude.     Smooth 
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flow  of  azimuth  data  will  be  obtained  if  the  operator  continuously  maintains 
equal  amplitude  of  the  two  "i)ips". 

In  the  Signal  Corps  equipment  to  which  reference  has  been  made,  sep- 
arate antennas  were  used  for  transmission  and  recci)tion  with  lobe  switching 


Fig.  24 — Radar  Mark  3  antenna  (3'  x  12')  on  Cruiser  San  Francisco  after  Pacific  battle 

(Navy  Photo  34133) 

applied  only  to  the  receiving  antenna.  Space  limitations  aboard  ship 
made  it  mandatory  to  accomplish  all  functions  using  a  single  antenna. 
This  required  the  development  of  a  lobe  switching  device  capable  of  with- 
standing the  high  peak  power  during  the  transmitted  pulse;  a  problem 
which  had  not  been  faced  in  the  Signal  Corps  equipment.  It  was  further 
desired  to  provide  a  weatherproof  lobe  switching  device,  free  from  radio 
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Fig.  25 — Principle  of  lobe  switching 


FOR      TARGET    B 
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TRANSMISSION    LINE 
TO   MAIN  UNIT 


Fig.  26 — Mark  2  &  3 — Antenna  schematic 


frequency  adjustments,  in  order  to  simplify  operation  and  maintenance. 
The  manner  in  which  these  objectives  were  met  is  described  below. 

To  obtain  lobe  switching  of  the  antenna  beam,  use  was  made  of  the  fact 
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that  the  beam  position  depends  upon  the  rclati\c  phase  of  the  excitation 
appHed  to  the  radiating  elements  of  the  array.  If  all  elements  are  excited 
in  phase,  as  in  Radar  Mark  1,  the  beam  will  be  normal  to  the  line  of  the 
array,  while  gradually  increasing  phase  diiTerence  across  the  array  will 
result  in  displacement  of  the  beam.  For  small  angles  of  beam  shift,  en- 
tirely satisfactory  results  may  be  obtained  by  shifting  the  phase  of  excitation 
applied  to  one-half  of  the  array  with  respect  to  the  other,  and  this  expedient 
results  in  a  much  simpler  phase  shifting  mechanism  than  would  be  required 
to  obtain  uniform  phase  change.  This  system  was  used  in  Radar  Mark 
3  and  its  application  is  illustrated  schematically  in  Fig.  26.  It  will  be 
seen  that  this  array  is  identical  to  that  used  for  Radar  Mark  1  except  for 
the  central  section  of  transmission  line  in  which  a  lobe  switching  unit  has 
been  added.  In  this  unit  the  phase  of  excitation  to  one-half  of  the  array 
is  retarded  with  respect  to  the  other  half  by  connecting  a  capacitive  re- 
actance alternately  across  one  feed  line  or  the  other  to  obtain  the  two  beam 
positions.  Switching  is  accomplished  by  the  use  of  a  motor  driven  rotary 
capacitor  shown  in  Section  A-A.  The  rotor  is  a  semicircular  aluminum 
casting  w'hich  is  maintained  at  substantialh'  ground  potential  by  very  close 
spacing  to  the  grounded  metal  housing.  The  two  slators  are  small  metal 
plates  which  interleave  with  the  rotor  during  approximately  one-half 
revolution  and  are  connected  through  half-wa\clcngth  coaxial  lines  to  the 
antenna  transmission  lines.  The  purpose  of  the  half-wavelength  stub  hnes 
is  to  avoid  physical  limitations  which  would  otherwise  be  encountered  in 
connecting  the  rotary  capacitor  to  the  lines.  Allowance  is  made  in  these 
stubs  for  end-loading  caused  by  stray  capacitance  of  the  stator  plates  and 
supporting  insulators.  It  will  be  seen  that  during  nearly  one-half  revo- 
lution of  the  rotor  one  of  the  stators  is  engaged  to  shift  the  antenna  beam  in 
one  direction  while  during  the  other  half  revolution  the  other  stator  is 
engaged  to  produce  the  other  lobe  position.  The  switching  occurs  during 
the  small  interval  in  which  both  stators  are  engaged  by  the  rotor.  Signals 
received  during  this  interval  are  blanked  out  in  the  indicator.  The  rotor  of 
the  lobe  switcher  is  driven  at  about  30  RPS  by  an  induction  motor  mounted 
within  a  weatherproof  housing.  The  motor  shaft  also  carries  cam  operated 
contacts  to  produce  image  spacing  on  the  indicators,  control  signals  for  the 
Train  Meter,  and  blanking  during  the  lobe  switch  interval.  The  entire  unit 
is  gas  tight  and  is  filled  with  dry  gas  through  the  transmission  line. 

The  value  of  the  lobe  switching  capacitor  and  its  position  along  the  feed 
line  must  satisfy  two  conditions:  first,  the  phase  shift  must  be  such  that  the 
antenna  beam  will  be  displaced  by  the  desired  amount;  and  second,  the 
impedance  at  the  feed  point  must  be  such  that  equal  division  of  power  will 
be  obtained  in  the  two  halves  of  the  array.  In  the  first  Radar  Mark  3 
antenna  (6  ft.  by  6  ft.  parabolic  array)  a  beam  displacement  of  about  3.0 
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degrees  was  chosen  as  a  suitable  compromise  between  target  angle  sen- 
sitivity (steepness  of  beam)  and  reduction  of  signal  amplitude  "on  target". 
This  displacement  required  a  phase  shift  of  approximately  53  degrees 
bet\veen  the  two  halves  of  the  array.  From  transmission  line  theory  it  can 
be  shown  that  this  phase  difference  will  be  obtained  with  a  capacitive 
reactance  equal  to  the  characteristic  impedance  of  the  feed  line  when  con- 
nected at  a  point  0.176  wavelength  from  the  feed  point.  It  can  also  be 
shown  that  this  condition  satisfies  the  requirem.ent  for  equal  power  division 
to  the  two  halves  of  the  array.  A  capacitor  of  the  required  value  (about 
3  micromicrofarads)  can  readily  be  built  to  withstand  the  peak  transmitted 
power  by  proper  condenser  plate  separation.  A  frequency  variation  of 
about  40  megacycles  can  be  tolerated  without  materially  affecting  the 
antenna  performance. 

Tablk  it. — Antentia  Characteristics 

Radat  Mark  4 


Dimensions 

Apperture  in  Wavelengths 

Azimuth 

Elevation 

Eeam  Width  in  Degrees  (between  half  power 
points  in  one  way  pattern) 

Azimuth 

Elevation     

.'\ntenna  Gain  in  db  

Beam  Shift  in  Degrees 

Azimuth 

Elevation 


6'x7' 

4.25 
4.95 


12 
12 
22.5 

±3.0=" 
±3.0° 


A  lobe  switching  unit  similar  to  that  described  above  was  also  applied  to 
the  3  ft.  by  12  ft.  antenna.  Pertinent  information  regarding  beam  widths 
and  lobing  angles  for  both  antennas  (together  with  information  on  the 
antenna  for  Radar  Mark  4  to  be  described  later)  is  given  in  Table  II. 

The  effective  beam  widths  as  used  in  these  radars  were  somewhat  narrower 
than  the  values  given  above  due  to  the  square  law  characteristic  of  the 
second  detector  in  the  receiver,  and  the  deflection  sensitivity  was  such  that 
the  specified  tracking  accuracy  of  ±15  minutes  of  arc  could  readily  be 
achieved.  The  "on  target"  position  or  axis  of  the  antenna  (lobe  crossover) 
was  carefully  aligned  with  the  optical  telescopes  at  the  time  of  installation 
so  that  either  optics  or  radar  angles  could  be  used.  The  symmetrical  design 
of  the  antenna  made  this  alignment  substantially  independent  of  small 
changes  in  operating  frequency. 

To  minimize  target  confusion  the  signals  presented  on  the  Train  or 
Elevation   Indicator   (azimuth   operator's  oscilloscope)   consisted   only   of 
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tliose  received  from  the  target  being  tracked  by  the  range  oj)erator,  all 
others  being  blanked  out  in  the  indicator  circuits. 

Accurate  Range  Measurement 

The  second  major  problem  which  required  s:)lution  to  adapt  radar  to  the 
tire  control  problem  was  the  provision  of  means  for  accurate  and  continuous 
range  tracking.  It  was  obvious  that  what  was  required  was  some  sort  of 
electronic  range  mark  on  the  indicator  sweejis,  the  position  of  which  could 
be  varied  by  a  rotary  device  whose  motion  could  be  used  to  transmit  range 
information  to  a  remote  point  over  a  synchro  system.  The  range  mark 
could  then  be  aligned  with  the  target  "pip"  on  the  oscilloscope.  For 
accurate  data  transmission  it  was  necessary  to  obtain  a  linear  relationship 
between  angular  rotation  of  the  range  handwheel  and  corresponding  range 
to  the  marker  on  the  radar  indicator  screen. 

One  method  which  was  first  employed  by  the  Signal  Corps  made  use  of 
the  fact  that  the  transmitted  pulses  were  generated  at  a  periodic  rate  from  a 
sine  wave  oscillator  of  fixed  frequency;  the  pulse  being  produced  at  a  fixed 
point  in  each  cycle.  By  transmitting  this  same  sine  wave  through  a  linear 
phase  shifter  a  new  pulse  could  be  generated  whose  position  in  time,  rel- 
ative to  the  transmitted  pulse,  could  be  varied  by  rotation  of  the  phase 
shifter.  In  the  Signal  Corps  equipment  a  special  goniometer  was  used  to 
produce  the  phase  shift  and  the  accuracy  obtained  was  considered  adequate 
for  the  intended  purpose.  However,  non-linearity  of  the  phase  shifting 
device,  though  small,  was  much  greater  than  could  be  tolerated  in  the 
Navy  fire  control  system.  A  study  indicated  that  large  scale  manufacture 
of  special  phase  shifters,  hand  adjusted  to  meet  the  stringent  accuracy  re- 
quirements was  out  of  the  question.  It  was  therefore  decided  that  a  two 
speed  system  be  used,  in  which  the  phase  shifter  errors  would  be  divided  by 
the  gear  ratio  to  the  high-speed  unit  in  much  the  same  way  that  accurate 
synchro  information  is  transmitted  by  a  "coarse"  and  a  "fine"  synchro. 
The  manner  in  which  this  was  worked  out  by  Bell  Telephone  Laboratories 
and  applied  to  Radars  Mark  3  and  4  is  described   below. 

The  method  of  range  measurement  can  perhai)s  best  be  understood  In- 
first  examining  the  method  of  presentation  used  on  the  cathode  ray  tube 
indicator  for  the  range  operator.  This  presentation  is  shown  in  Fig.  21 
in  which  it  will  be  noted  that  a  Class  A  sweep  is  used  to  display  the  trans- 
mitted pulse  and  received  echoes.  This  horizontal  sweep,  however,  differs 
from  the  simple  sweep  of  earlier  radars  in  several  respects.  First,  the 
central  portion  of  the  sweep  is  expanded  to  permit  more  accurate  viewing 
of  signals  appearing  within  this  region;  second,  a  downward  deflection 
called  the  range  "notch"  is  produced  in  the  approximate  center  of  the  ex- 
panded section;  and  third,  the  circuits  are  so  arranged  that    the   notch 
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remains  centered  as  the  range  unit  phase  shifters  are  rotated  thus  causing 
all  of  the  signals  (rather  than  the  notch)  to  move  across  tlie  screen.  Range 
measurement  is  made  by  rotating  the  range  unit  handcrank  to  place  the 
desired  signal  in  the  center  of  the  range  notch  on  the  indicator.  This 
type  of  presentation  has  several  advantages.  It  permits  the  full  100,000-yard 
range  to  be  viewed  at  all  times  so  that  new  targets  may  be  immediately 
detected,  and  permits  accurate  viewing  of  the  desired  target  in  the  expanded 


Fig.  27 — Mark  6  ik.  4 — Range  presentation 

center  of  the  sweep  where  best  focus  is  obtained.  For  smooth  range  track- 
ing it  is  only  necessary  for  the  operator  to  rotate  the  range  unit  hand  crank 
to  keep  the  desired  signal  centered  in  the  range  notch. 

A  block  diagram  of  the  range  measuring  system,  together  with  the  circuits 
used  to  obtain  the  cathode  ray  indicator  presentation  described  above,  is 
shown  in  Fig.  28.  A  base  or  reference  oscillator  generates  a  sine  wave  of 
1.639  kc,  one  cycle  of  which  corresponds  to  a  radar  range  of  100,000  yards. 
This  wave,  after  amplification,  is  applied  to  a  non-Hnear  coil  pulse  gene- 
rator' which  generates  short  pulses  (one  positive  and  one  negative  pulse 

^  "Magnetic  Generation  of  a  group  of  Harmonics,"  E.  Petersen,  T.  M.  Manlev  L  R 
Wrathall— August  1937,  B.  5.  r.  7.,  October  1937. 
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per  cycle) ;  the  positive  pulses  being  used  for  keying  the  transmitter.  These 
pulses  are  rich  in  odd  harmonics  of  the  base  oscillator  frequency.  By 
rectifying  these  pulses  to  reverse  the  negative  pulses,  even  harmonics  of 
the  base  frequency  are  obtained  and  the  18th  harmonic  (29.5  kc)  is  se- 
lected by  means  of  a  filter.  This  harmonic  frequency  and  the  original 
base  frequency  are  applied  to  two  phase  shifters  whose  shafts  are  geared 
together  in  the  ratio  of  18  to  1.  Since  one  revolution  of  the  one  speed 
phase  shifter  corresponds  to  100,000  yards,  one  revolution  of  the  18-speed 
unit  corresponds  to  only  5550  yards  with  the  result  that  range  errors  caused 
by  non-linearity  of  this  phase  shifter  are  reduced  by  a  factor  of  18.  The 
phase  shifters  employed  are  similar  to  those  designed  by  Bell  Telephone 
Laboratories  for  use  in  a  phase  measuring  bridge^  and  are  linear  to  within 
±1.5  degrees  or  about  0.4  per  cent.  The  possible  range  error  introduced 
by  imperfections  in  the  18-speed  phase  shifter  was  therefore  only  23  yards, 
well  within  the  design  requirements.  It  remains  to  be  shown  how  this 
accurate  range  information  was  applied  to  the  indicator. 

The  output  of  the  18-speed  phase  shifter  in  the  range  unit  is  connected 
to  the  Control  and  Indicator  where  the  phase  shifted  sine  wave  is  used  to 
generate  short,  rectangular  pulses  of  about  600  yards  duration.  One  pulse 
is  produced  for  each  cycle  of  the  29.5  kc  wave  so  that  18  of  them  occur  during 
the  100,000-yard  sweep  interval.  It  is  desired  that  only  one  of  these  pulses 
appear  as  a  range  notch  on  the  indicator  screen  and  this  pulse  is  selected 
from  the  others  by  a  pedestal  pulse  generated  from  the  output  of  the  one 
speed  phase  shifter.  It  will  be  noted  that  as  the  phase  shifters  are  rotated 
by  means  of  the  range  unit  hand  crank,  the  desired  pulse  from  the  18-speed 
phase  shifter  will  remain  substantially  centered  on  the  one-speed  pedestal 
pulse.  After  further  shaping,  the  selected  pulse  is  mi.\ed  with  the  received 
signals  in  the  second  video  amplifier  and  is  then  appHed  to  the  vertical 
plates  of  the  cathode  ray  indicator  to  form  the  "range  notch".  The  range 
notch  is  also  transmitted  to  the  Train  Indicator  and  Train  Meter  where  it 
is  used  to  prevent  any  signal  from  affecting  those  instruments  except  the 
one  being  tracked  by  the  range  operator. 

Since  it  is  desired  to  have  the  range  notch  appear  in  the  center  of  the 
100,000-yard  sweep  on  the  indicator,  the  sweep  trigger  pulse  must  occur 
50,000  yards  in  advance  of  the  notch.  This  trigger  is  obtained  by  se- 
lection of  another  pulse  from  the  accurate  phase  shifter,  this  time  using  a 
one-speed  pedestal  produced  by  an  input  of  reversed  phase.  The  pulse 
thus  selected  is  used  as  a  trigger  for  starting  a  saw-tooth  sweep  wave  with  a 
duration  corresponding  to  100,000  yards  radar  range.  Expansion  of  the 
center  portion  of  this  sweep  is  obtained  by  adding  to  this  wave  a  second 

"  L.  A.  Meacham,  U.  S.  Patent  2004613. 
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saw-tooth  wave  having  maximum  rate  of  change  in  the  center  of  the  sweep; 
the  latter  being  derived  from  the  range  notch  selection  pedestal.  The 
combined  sweej)  is  then  applied  to  tiie  horizontal  plates  of  the  cathode  ray 
tube.  The  return  trace  is  blanked  by  applying  to  the  control  grid  of  the 
cathode  ray  tube  a  voltage  obtained  by  differentiating  the  sweej)  wavefcjrm. 

Transmitter 

As  mentioned  earlier  the  transmitter  oscillator  tube  problem  was  one 
of  the  major  obstacles  in  the  march  of  radar  development  to  higher  fre- 
quencies. Intense  development  effort  on  many  possible  types  of  tubes  was 
underway  in  several  laboratories  in  this  country  and  abroad  during  1939 


Fig.  29— \V.  10.  70U-l\  1)0  magaetruii—  one  side  removed 

and  1940.  The  first  significant  improvement  came  in  England  where  work 
with  multicavity  magnetrons  showed  that  this  device  was  probably  the 
answer  to  radar's  need  for  a  highly  intermittent  duty  oscillator  suitable  for 
high  power  in  the  microwave  region.  A  sample  of  this  device  was  brought 
to  this  country  by  the  Government  and  was  tested  in  Bell  Telephone  Lab- 
oratories in  October  1940.  It  produced  pulses  of  several  kilowatts  at  a 
frequency  in  the  neighborhood  of  3000  mc.  .A  tremendous  development 
of  this  device  got  under  way  immediately^  and  the  multicavity  magnetron 

6  "The  Magnetron  as  a  Generator  of  Centimeter  Waves,"  J.  B.  Fisk,  H.  G.  Hagstrum, 
and  P.  L.  Hartman,  B.  S.  T.  J.,  January,  1946. 
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became  the  key  piece  in  the  enormous  development  of  radar  equipment  for 
still  higher  frequencies  during  the  war.  However,  at  the  beginning  of  1941 
there  were  still  many  unsolved  problems  in  3000  mc  radar  other  than  that 
of  the  transmitter  tube.  On  the  other  hand,  the  systems  problems  had 
been  quite  satisfactorily  solved  in  the  700-mc  region.  The  decision  was 
therefore  immediately  made  to  extrapolate  the  British  design  down  to 


Fig.  30— Mark  3  &  4— transmitter 


700  mc  in  order  to  obtain  a  higher  powered  and  more  satisfactory  oscillator 
for  the  existing  systems.  This  was  done  at  top  speed  and  a  picture  of  the 
resulting  tube  is  shown  in  Fig.  29.  This  was  the  first  type  of  multi-cavity 
magnetron  to  go  into  production  in  this  country.  Concurrent  with  the 
design  of  the  new  magnetron  the  vacuum  tube  department  of  the  Lab- 
oratories developed  an  improved  tetrode  modulator  tube  which  was  many 
times  as  efficient  for  radar  pulse  service  as  the  triodes  formerly  used.  This 
tube  was  designated  W.E.  701-A. 
A  new  transmitter  using  the  magnetron  and  two  of  the  new  modulator 
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tubes  was  rushed  through  development  and  produced  in  lime  to  go  with 
the  first  accurate  fire  control  radars.  This  transmitter  provided  a  peak. 
j)ower  output  of  about  40  kw  with  a  pulse  duration  of  2  microseconds.  It 
resulted  in  a  material  increase  in  reliable  range,  with  satisfactory  tube  life. 
The  new  transmitter,  shown  in  Fig.  30,  was  made  mechanically  inter- 
changeable with  the  old  and  was  applied  retroactively  also  to  the  Mark  1 
Radars. 

Duplexing 

The  use  of  the  high-power  transmitter  required  additional  protection 
for  the  receiver  during  the  transmitted  pulse  in  order  to  prevent  damage 


Fig.  31— VV.  E.  702— TR  tul)e 

and  to  permit  the  receiver  to  recover  rapidly  for  reception  of  nearby  echoes. 
The  duplexing  equipment  was  therefore  modified  to  inclu  de  a  gas  switching 
tube  in  the  receiving  transmission  line.  This  was  a  refnicment  of  the 
method  used  earlier  by  the  Naval  Research  Laboratory. 

The  switching  tube  (W.E.  702A)  was  developed  specifically  for  this 
purpose  and  is  shown  in  Fig.  31.  It  was  the  first  of  the  "TR"  tubes  of  this 
general  form  and  consists  of  a  hydrogen-water  vapor  filled  glass  chamber 
with  three  copper  electrodes.*^  This  tube  was  mounted  in  the  center  of  a 
half-wavelength  coaxial  line  short  circuited  at  each  end,  the  outer  con- 
ductor being  connected  to  the  outer  electrodes  and  the  center  conductor 

«  "The  Gas  Discharge  Transmit-Receive  Switch,"  A.  L.  Samuel,  J.  W.  Clark,  and  W.  W. 
Mumford,  this  issue  of  B.  S.  T.  J, 
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to  the  middle  electrode.  Input  and  output  connections  were  tapped  on 
this  half-wave  line  near  the  short  circuited  ends.  During  reception  this 
assembly  introduces  negligible  loss  in  the  receiving  line.  However,  during 
the  transmitted  pulse  a  small  amount  of  the  transmitted  power  ionizes  the 
gas  in  the  switching  tube  and  effectively  short-circuits  the  receiver  line. 
This  device,  which  in  later  forms  came  to  be  called  a  "T-R  Box",  is  located 
near  the  receiver  input  and  the  length  of  line  between  it  and  the  junction 
with  the  transmitter  line  can  be  adjusted  to  an  odd  multiple  of  quarter 
wavelengths  to  present  the  desired  high  impedance  at  that  point  during 
transmission. 

Receiver 

The  re:eiver  delivered  with  early  Mark  3  equipments  was  identical  to 
that  used  in  Radar  Mark  1.  It  was  of  the  superheterodyne  type  em- 
ploying one  stage  of  RF  amplification  (doorknob  tube),  316A  oscillator  tube, 
and  doorknob  first  detector.  The  intermediate  frequency  amplifier  had  a 
bandwidth  of  about  1  megacycle  at  a  midband  frequency  of  about  30  mega- 
cycles. The  second  detector  and  video  stages  were  located  in  the  indicating 
equipment.     A  photograph  of  this  receiver  is  shown  in  Fig.  11. 

Since  in  microwave  w^ork  the  controlling  noise  is  that  produced  in  the 
receiver,  it  is  desirable  to  reduce  this  noise  to  the  theoretical  limit  of  thermal 
agitation  in  the  input  circuit.  However,  in  1939  tube  limitations  and 
circuit  design  techniques  at  these  frequencies  resulted  in  performance  far 
short  of  this  goal.  The  amount  by  which  the  receiver  noise  exceeds  the 
theoretical  minimum  has  been  termed  the  receiver  "noise  figure"  and  in 
this  early  receiver  the  noise  figure  was  about  24  db.  It  was  recognized  that 
considerable  improvement  in  maximum  range  could  be  obtained  by  reducing 
this  receiver  noise. 

Shortly  after  first  deliveries  of  Radar  Mark  3  a  new  tube  (GL-446  or 
"lighthouse"  tube)  was  made  available  by  the  General  Electric  Company 
which  showed  promise  of  providing  a  substantial  improvement  in  the 
receiver  noise  figure.  An  amplifier  using  this  tube  was  accordingly  de- 
signed by  Bell  Laboratories  in  which  coaxial  cavities  were  used  for  tuning 
elements.  Two  stages  of  amplification  were  used  to  replace  the  single 
"doorknob"  tube  stage  previously  employed.  The  new  amplifier  resulted 
in  a  reduction  of  the  receiver  noise  figure  to  about  9  db  and  provided  a 
marked  improvement  in  maximum  range  capability  of  the  radar.  These 
amplifiers  were  manufactured  and  shipped  to  the  Fleet  for  field  installations 
on  early  equipments  and  were  included  in  productions  on  equipments 
shipped  subsequently  to  availability  of  the  amplifiers.  A  photograph  of 
the  receiver  with  the  two  amplifiers  installed  is  shown  in  Fig.  32. 

Another  field  modification  provided  automatic  gain  control  of  the  signal 
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selected  by  the  range  operator.  This  was  suppHed  in  the  form  of  an  ex- 
ternal unit  which  controlled  the  gain  of  the  receiver  IF  amplifier  to  reduce 
signal  fluctuations  produced  by  fading. 

The  first  production  Mark  3  Radars  were  delivered  to  the  Navy  in  October 
1941,  and  the  first  two  installations  were  completed  on  the  main  battery 
directors  of  the  U.S.S.  Philadelphia  at  the  Brooklyn  Navy  Yard  that  month. 

Radar  Mark  IV 

During  the  development  work  on  Radar  Mark  3  the  Navy  pointed  out  the 
need  for  a  fire  control  radar  for  use  with  the  5-inch  Naval  guns  against 
enemy  aircraft.  The  Bell  Telephone  Laboratories  was  therefore  requested 
to  further  modify  the  radar  design  to  meet  this  need.  The  anti-aircraft 
equipment  was  first  designated  FD,  later  becoming  known  as  Radar  Mark 
4. 

For  antiaircraft  fire  control  a  new  coordinate  had  to  be  added  to  the 
target-locating  system;  namely,  elevation  angle.  Again  it  was  desired  that 
the  additional  information  be  obtained  from  the  single  antenna  with  a 
precision  equal  to  that  already  obtained  in  azimuth.  This  problem  was 
approached  in  a  manner  similar  to  that  used  for  the  Mark  3  antenna  and  is 
described  below. 

Two  Plane  Lobe  Switching 

In  considering  two  plane  lobe  switching  methods  it  appeared  that  the 
desired  result  could  be  obtained  by  mounting  two  3  ft.  x  6  ft.  parabolic 
arrays  one  above  the  other.  This  arrangement  was  tried  and  resulted  in 
the  array  shown  in  Fig.  Zi.  It  provided  two  plane  lobe  switching  with  an 
antenna  only  slightly  larger  than  the  6  ft.  x  6  ft.  antenna  used  before  and 
had  comparable  gain  and  beam  width  (see  Table  II). 

A  schematic  diagram  of  the  array  is  shown  in  Fig.  34.  Here  it  will  be 
seen  that  there  are  two  horizontal  dipole  arrays,  each  mounted  along  the 
focal  line  of  a  cylindrical  parabola.  The  dipoles  are  in  four  groups  and  the 
interconnecting  harness  is  criss-crossed  and  joined  to  the  feed  line  at  the 
center.  Symmetrically  placed  around  the  feed  point  are  four  stub  lines 
connected  to  the  lobe  switcher  stators.  Here  again  a  semi-circular  rotor  is 
used  for  the  lobing  shifting  capacitor.  It  will  be  observed  that  during  each 
quarter  turn  of  the  rotor  two  stator  plates  are  engaged,  and  the  sequence  is 
such  that  the  beam  shifts  left,  up,  right,  and  down  during  one  rotation. 
A  separate  Indicator  was  provided  for  the  Pointer  (elevation  operator).  To 
avoid  signal  confusion  on  the  two  Indicators  it  is  necessary  to  show  only 
left-right  signals  on  the  Trainer's  oscilloscope  and  up-down  signals  on  the 
Pointer's  oscilloscope.  This  is  accomplished  by  means  of  cam  operated 
contacts  in  the  lobe  switcher  which  blank  the  indicators  during  the  required 
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intervals.     Other  contacts  on   this  assembly   provide   left-right  and   up- 
down  image  spacing. 
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Fig.  33 — Mark  4 — antenna  on  gun  director 

Except  for  the  new  antenna  and  the  additional  Train  or  Elevation  In- 
dicator for  the  Pointer  (elevation  operator),  this  radar  was  identical  to 
Radar  Mark  3.  The  first  demonstration  of  a  development  model  of  Radar 
Mark  4  was  made  at  Atlantic  Highlands,  New  Jersey,  in  September  1941 
and  this  model  was  installed  aboard  the  destroyer  U.S.S.  Roe  the  latter 
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Fig.  34 — Mark  4 — Antenna  schematic 


Fig.  35 — Mark  4  antenna  un  Battleship  Tennessee  (Navy  Photo  lU()o-4. 
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part  of  that  month.     Initial  production  deliveries  of  these  radars  were  made 
in  December  I'Ul. 

Typical  installations  of  the  Mark  4  Antenna  on  the  secondary  battery 
directors  of  a  battleship  are  shown  in  Figs.  35  and  36.  The  main  frame 
installation  for  Mark  3  and  Mark  4  on  a  battleship  is  shown  in  Fig.  37 


Fig.  37 — Radars  Mark  3  &  4 — main  units  on  Battleship  New  Jersey  (Navy  Photo  181809) 


while  typical  installations  of  the  train  and  elevation  operator's  units  in  the 
director  are  shown  in  Figs.  38  and  39. 

Application  and  Use  of  Mark  3  and  4  Radars 

The  Mark  3  radars,  designed  for  use  against  surface  targets  onl}',  were 
generally  installed  on  the  main  batter}^  directors  of  battleships  and  cruisers. 
The  Mark  4  radars  for  use  against  either  surface  targets  or  aircraft  were 
generally  installed  on  the  secondary  battery  directors  of  battleships  and 
cruisers,  and  on  the  one  and  only  dual  purpose  director  on  destroyers. 
Thus  a  battleship  usually  had  two  Mark  3  and  four  Mark  4  equipments  and 
a  destroyer  one  Mark  4.     Practically  every  ship  in  the  fleet,  of  destroyer 
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Size  or  larger,  was  equipped  with  one  or  more  of  these  equipments  early  in 
the  war.  A  total  of  139  Mark  3,  and  670  Mark  4  radars  were  built,  in- 
cluding those  used  ashore  at  schools.  Although  some  of  these  equipments 
were  replaced  b}-  more  modern  designs  before  the  end  of  the  war  and  some 
were  lost  hi  battle,  tliere  were  still  approximately  85  Mark  3  anfl  300  Mark  4 


Fig.  v38— Mark  4  Radar — trainer  &  pointer  operators'  positions  on  .\ircraft  Carrier  Saratoga 

(Navy  Photo  177347) 


radars  in  service  in  the  fleet  on  V-J  day.  The  first  four  Mark  4's,  Serial  Nos. 
1,  2,  3  and  5  installed  on  the  battleship  Washington  were  used  until  the 
middle  of  1945,  although  newer  designs  had  been  going  on  all  new  vessels 
for  more  than  a  year. 

These  early  equipments  were  the  "guinea  pigs"  of  lire  control  radar. 
They  were  the  instruments  with  which  our  fleet  learned  to  fight  eflfectively 
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at  night  and  thereby  gain  a  large  advantage  over  the  enemy  whose  radar 
was  feeble  and  inaccurate.  They  played  a  part  in  ever>'  one  of  the  early 
battles  and  most  of  the  later  ones  in  the  Pacific.  They  controlled  the  cruiser 
Boise's  guns  in  October  1942,  when  she  blazed  away  at  night  at  a  vastly 
superior  fleet  in  the  Solomons  and  made  the  enemy  pay  10  to  1  for  the 


Fig.  .^y- 


-J\;id;u    Mark  4 — trainer  ct   poinlt-r  operators'    [iositions  on    Destroyer  Jiarton 
(Navy  Photo  181775) 


damage  they  succeeded  in  doing.  They  were  with  the  cruiser  San  Francisco 
on  a  night  m  November  1942,  when  a  small  U.  S.  force  sank  27  enemy  ships, 
almost  completely  destroying  a  large  Japanese  convoy  bound  for  Guadal- 
canal when  our  hold  there  was  at  best  precarious.  The  Mark  3  steered 
the  big  guns  of  the  battleship  South  Dakota  in  the  Solomons  on  the  dark 
night  of  November  4,  1942,  when  she  sank  a  major  Japanese  war  vessel 
eight  miles  away  with  two  salvos.  Even  in  engagements  in  broad  daylight 
when  optics  could  be  used  for  target  angles  these  radars  still  played  a  vital 
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part  in  furnishing  accurate  range  which  made  5"  gunfire  against  aircraft, 
for  exanii)le,  deadly  at  long  range.  Thus  on  October  16,  1942,  when  the 
South  Dakota  was  attacked  by  planes  she  shot  down  an  even  38  out  of  38 
attacking. 

The  rapid  and  widespread  application  of  this  rather  complex  electronic 
equipment  was  not  accomplished  without  pain  and  confusion.  It  is  beyond 
the  scope  of  this  paper  to  discuss  the  enormous  problem  of  training  in 
operation  and  maintenance  that  had  to  be  solved,  or  of  the  tactical  revo- 
lution in  Naval  warfare  that  fire-control  radar  produced.  It  is  sufficient 
here  to  say  that  these  and  other  problems  were  solved  by  heroic  efforts  of 
hundreds  of  officers  and  civilians  in  the  Navy  Department  ashore  and  the 
thousands  of  officers  and  men  of  the  fleet.  Their  problems  were  made  more 
difficult  by  weaknesses  in  the  equipment  which  were  revealed  by  battle 
experience  as  the  new  science  of  radar  got  its  baptism  of  fire.  In  every 
possible  case  the  Laboratories  attempted  to  remove  the  causes  of  recurring 
troubles  by  redesign  and  the  furnishing  of  improvement  kits  of  parts  for 
installation  in  the  fleet.  The  many  lessons  of  experience  learned  from  the 
Mark  3's  and  4's  were  immediately  applied  in  the  design  of  the  many  more 
modern  radars  for  the  same  and  other  types  of  service. 

The  authors  of  this  paper  wish  to  express  their  gratitude  to  the  many 
Navy  men  with  whom  they  have  worked  in  connection  with  these  equip- 
ments, and  whose  whole-hearted  cooperation  during  difficult  times  made 
possible  the  successful  development  of  these  lire-control  radars.  They 
also  wish  to  thank  their  colleagues  in  Bell  Telephone  Laboratories  who 
worked  as  a  team  to  make  this  important  equipment  possible,  and  the  men 
of  the  Western  Electric  Company  for  their  help  on  the  many  engineering 
problems  which  arose  during  production  and  use  in  the  field.  It  is  the  hope 
of  all  who  were  concerned  with  this  development  that  accurate  radars,  like 
other  radars,  will  find  peaceful  use  in  a  peaceful  world,  but  it  is  also  the 
determination  of  these  engineers  that  as  long  as  we  need  a  Navy,  we  will 
try  to  provide  it  with  radars  as  much  superior  to  those  of  any  possible 
enemy  as  they  were  in  the  recent  w^ar. 


The  Gas-Discharge  Transmit-Receive  Switch 

By  A.  L.  SAMUEL,  J.  W.  CLARK  and  W.  W.  MUMFORD 

'  I  '^HE  gas-discharge  transmit-receive  switch  has  become  an  accepted 
-•■  part  of  every  modern  radar  set.  Indeed,  without  such  a  device,  an 
eflficient  single-antenna  micro-wave  radar  would  be  nearly  impossible. 
Many  of  the  early  radar  sets  made  in  this  country  employed  separate 
antennae  for  the  transmitter  and  receiver.  The  advantages  of  single 
antenna  operation  are  so  apparent  as  hardly  to  require  discussion.  The 
saving  in  space  or,  if  the  same  space  is  to  be  occupied,  the  increase  in  gain 
and  directivity  of  a  large  single  antenna  is,  of  course,  apparent.  But 
even  more  important,  perhaps,  is  the  tremendous  simplification  in  tracking 
offered  by  a  single  antenna,  particularly  where  a  very'  rapid  complex  scanning 
motion  is  desired. 

The  fact  that  the  receiver  needs  to  be  operative  only  during  periods  be- 
tween the  transmitting  pulses  makes  single  antenna  operation  possible  if 
four  conditions  are  satisfied.  These  are:  (1)  the  receiver  must  not  absorb 
too  large  a  fraction  of  the  transmitter  power  during  the  transmitting  period, 
(2)  the  receiver  must  not  be  permanently  damaged  by  that  portion  of  the 
transmitter  power  which  it  does  absorb,  (3)  the  receiver  must  recover  its 
sensitivity  after  any  possible  overload  during  the  transmitting  pulse  in  a 
time  interval  shorter  than  the  interv'al  required  by  the  reflected  pulse  to 
arrive  back  to  the  receiver  from  the  nearest  target,  and  (4)  the  transmitter 
must  not  absorb  too  large  a  fraction  of  the  received  power.  At  frequencies 
of  the  order  of  700  megacycles  and  at  low  power  levels  these  conditions 
are  not  impossible  of  attainment  without  recourse  to  any  special  switching 
mechanism  other  than  that  provided  automatically  by  the  usual  circuit  com- 
ponents. Conditions  (1)  and  (2)  can  be  met  by  designing  the  receiver  in 
such  a  way  that  the  change  in  input  impedance  as  a  result  of  overload  will 
cause  most  of  the  available  input  power  to  the  receiver  to  be  reflected. 
Condition  (3)  requires  careful  attention  to  the  time  constants  of  all  those 
receiver  circuits  which  are  subject  to  overload.  Condition  (4)  fortu- 
nately is  automatically  satisfied  by  most  transmitters, again  as  a  result  of  the 
large  mismatch  reflections  which  occur  at  the  connections  to  the  trans- 
mitter's "tank"  circuit  when  the  transmitter  is  not  operating.  The  United 
States  Navy  Mark  1  radar  was  operated  on  this  basis. 

The  speed  with  which  the  transmit-receive  switch  must  operate  rules  out 
all  consideration  of  mechanical  devices,  at  least  for  all  but  the  longest  range 
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"early  warning"  equipment.  For  example,  the  go  and  return  time  to  a 
target  at  500  feet  distance  requires  approximately  one  microsecond.  Switch- 
ing times  must,  therefore,  be  measured  in  microseconds.  Since  these  short 
time  intervals  would  at  first  sight  seem  to  be  too  small  to  permit  the  use  of 
gaseous  discharge  devices,  some  work  was  done  on  the  use  of  specially 
designed  vacuum  diodes.  It  is  possible  to  employ  balancing  circuits  (some- 
times called  hybrid  circuits)  to  achieve  single  antenna  operation,  but  such 
circuits  require  critical  balancing  adjustments  and  they  dissipate  a  large 
part  of  the  available  power  in  non-useful  balancing  loads.  The  need  for  a 
still  different  approach  to  the  duplexing  problem  was  clearly  indicated. 

Spark  discharges  either  in  air  or  in  enclosed  gaps  bridged  across  parallel 
wire  transmission  lines  were  used  in  some  of  the  early  experimental  long- 
wave radar  sets.  Dr.  Robert  M.  Page  of  the  Naval  Research  Laboratory 
was  one  of  the  pioneers  in  this  work.  These  devices  were  only  moderately 
satisfactory  because  of  their  erratic  behavior  and  because  of  electrode  wear. 
However,  it  was  observed  that  the  recovery  time  of  such  discharges  was  not 
as  long  as  might  be  expected  on  the  basis  of  a  simple  ionization  and  deioniza- 
tion  explanation  of  their  operation.  This  led  to  the  investigation  of  the  use 
of  low-pressure  gas  discharges.  These  very  early  gas-discharge  "switches" 
were  actually  much  more  in  the  nature  of  "lightning  protectors",  their 
principal  function  being  to  limit  the  power  delivered  to  the  receiver  during 
the  transmitting  pulse  in  a  gross  sort  of  way,  with  considerable  reliance  on 
impedance  changes  at  the  receiver  and  on  the  rugged  overload  capabilities 
of  the  first  tube  in  the  receiver. 

The  trend  toward  shorter  wavelengths  and  the  desire  for  better  protection 
led  to  the  development  of  a  partially  evacuated  gas-discharge  tube  located 
in  a  relatively  high  Q  resonant  cavity.  In  England,  cavity  type  duplex 
tubes  were  made  by  inserting  gas  in  a  then  current  type  (Sutton  Tube) 
of  local  oscillator  tube.  These  devices  were  called  TR  boxes  (abbreviation 
for  tran.smit-receive)  by  the  English,  a  designation  which  has  continued. 
It  is  a  curious  coincidence  that  some  of  the  earliest  cavity  type  duplex  tubes 
made  in  this  country  at  the  Bell  Telephone  Laboratories  were  also  con- 
structed by  inserting  gas  in  an  American  type  local  oscillator  tube  (the  712A 
vacuum  tube).  This  tube  (later  coded  the  709A  vacuum  tube)  was  tested 
in  an  operative  system  which  was  subsequently  demonstrated  to  the  Army 
with  such  satisfactory  results  that  the  tube  was  adopted  without  change  for 
several  radar  systems.  The  709A  vacuum  tube  and  its  associated  cavity 
are  shown  in  Fig.   \. 

A  similar  structure,  known  as  the  702A  and  shown  in  Fig.  2  (together 
with  the  709A  tube)  was  used  for  longer  wavelengths.  The  need  for  these 
tubes  was  so  very  great  that  no  time  was  allowed  for  their  improvement 
before  production  was  undertaken  by  the  Western  Electric  Company. 
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The  radar  on  the  U.S. S.  Boise  in  the  battle  off  Savo  Island  on  October  1112, 
1942  employed  a  702A  vacuum  tube. 

Three  developments  soon  led  to  the  need  for  much  improved  TR  bo.xes. 
One  of  these  was  the  rapid  progress  which  was  being  made  in  increasing  the 
peak  output  power  from  the  magnetron.  The  second  was  improvements 
in  the  silicon  point  contact  rectifier,  the  so-called  crystal  detector,  which 
increased  its  reliability  and  convenience  and  at  the  same  time  reduced  its 
conversion  loss  and  noise  figure  as  compared  with  the  vacuum  tube  con- 
verter.    The  third  was  the  development  of  still  higher  frequency  systems  to 
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Fig.  2 — The  702A  and  709A  vacuum  tubes 


achieve  either  greater  antenna  directivity  or  smaller  size.  Since  satisfactory 
vacuum  tube  converters  were  not  available  for  these  frequencies,  the  silicon 
rectifier  had  to  be  used.  Unfortunately  the  silicon  rectifier,  as  then  avail- 
able, was  subject  to  permanent  damage  if  subjected  to  but  very  small 
amounts  of  power  as  compared  with  the  magnetron  power  levels. 

An  active  program  of  work  was  initiated  at  the  Bell  Telephone  Labora- 
tories to  obtain  designs  of  TR  boxes  offering  adequate  protection  for  contact 
rectifiers  at  any  power  levels  then  available  or  contemplated.  Three  tubes 
were  developed,  the  721A,  724B  and  1B23  vacuum  tubes  shown  in  Fig. 
3.  These  tubes  are  used  at  frequencies  in  the  vicinity  of  3000  megacycles, 
10,000  megacycles,  and  1000  megacycles  respectively.     They  arc  all  of  the 
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separate  cavity  type  in  which  contact  through  the  vacuum  envelope  is 
made  by  means  of  thin  copper  discs.  More  recently  other  designs  of  tubes 
have  appeared  in  which  the  entire  cavity  is  evacuated.  Over  400,000  tubes 
of  the  three  types  discussed  in  this  paper  were  manufactured  in  1944  alone 
and  substantially  all  of  the  American-made  radars  which  saw  active  service 
employed  one  or  more  of  these  tubes. 

The  TR  tubes  used  in  American  radars  are,  of  course,  no  more  essential 
than  are  the  magnetrons,  the  beating  oscillators,  and  the  many  other  special 
parts  which  go  to  make  up  the  modern  radar.  Nevertheless  it  is  interesting 
to  note  that  the  721A  tube  was  an  essential  part  of  the  radar  equipment 
on  ahnost  every  major  ship  in  the  United  States  Fleet,  that  the  724B  tube 
was  an  essential  part  of  the  bombing  equipment  on  nearly  every  bomber 
used  against  Japan,  including  the  planes  which  carried  the  atomic  bombs, 
and  that  the  capture  of  Okinawa,  to  name  a  single  case,  would  have  been 
much  more  expensive  in  men's  lives  without  equipment  depending  upon  the 
1B23  tube. 

Method  of  Operation 

The  709A  tube  as  shown  in  Fig.  1  was  operated  in  what  has  come  to  be 
known  as  a  shunt  branching  circuit.  Its  operation  can  be  explained  in 
terms  of  Fig.  4.  During  transmission,  energy  flows  from  the  transmitter 
along  the  coaxial  line  toward  the  antenna.  Some  of  this  energy  enters  the 
branch  leading  to  the  receiver  where  it  encounters  the  TR  box.  This  con- 
sists of  a  resonant  cavity  with  a  pair  of  spark  gap  electrodes  arranged  so  that 
the  maximum  resonant  voltage  is  built  up  across  the  gap.  Since  the  voltage 
across  the  gap  is  then  limited  by  the  discharge  voltage  and  the  voltage  ap- 
plied to  the  receiver  is  still  further  reduced  by  an  equivalent  step-down  ratio 
of  the  output  coupling  in  the  resonant  cavity,  the  receiver  input  power  is 
held  to  a  small  value.  The  power  dissipated  in  the  gas  discharge,  and  there- 
fore abstracted  from  the  transmitted  signal  is  kept  small  by  the  impedance 
mismatch.  The  discharge  itself  takes  the  form  of  a  small  pale  blue  glow 
between  the  electrodes.  The  effect  of  the  discharge  is  to  place  a  low  im- 
pedance (predominantly  resistive)  across  the  maximum  impedance  point 
of  the  cavity.  This  results  in  the  appearance  of  a  still  lower  apparent 
impedance  across  the  input  to  the  cavity.  If  the  length  Z-i  is  an  odd  num- 
ber of  quarter  wavelengths,  the  apparent  impedance  of  the  receiver  branch 
at  the  branching  point  becomes  very  high  in  comparison  with  the  impedance 
of  the  antenna  and  is  therefore  unable  to  abstract  much  power  from  the  line. 

At  the  end  of  the  transmitting  period,  the  conductance  of  the  gas  discharge 
falls  rapidly  to  a  very  low  value  since  the  small  received  voltages  will  be 
insufficient  to  maintain  the  discharge.  Signals  arriving  at  the  antenna 
can  then  be  transmitted  through  the  TR  box  to  the  receiver.     However, 
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in  the  circuit  shown  in  Fig.  4,  the  receiver  is  still  bridged  by  the  transmitter. 
It  is  a  fortunate  fact  that  the  internal  impedance  of  many  magnetrons 
(the  most  common  type  of  transmitting  tube)  becomes  very  low  when  they 
are  in  the  inoperative  condition  so  that  the  tube  is  nearly  the  equivalent 
of  a  short  circuit.  By  adjusting  the  length  L»,  until  this  equivalent  short 
circuit  position  is  an  odd  number  of  quarter  wavelengths  from  the  junction 
point  "B",  the  shunting  impedance  at  ''B"  can  be  made  very  high  so  that 
only  a  small  part  of  the  received  energy  is  lost.  In  the  event  that  this  change 
of  impedance  of  the  transmitter  is  not  sufficient,  a  second  TR  switch  com- 
monly known  as  an  ATR,  may  be  introduced  to  perform  this  function  as 
will  be  described  later.  During  the  receiving  period,  some  loss  will  occur 
in  the  TR  box  resonant  cavity  as  a  result  of  the  inherent  resistive  and 
dielectric   losses.     An   additional   loss   will   occur   immediately   after   the 


Fig.  4 — The  elements  cf  a  shunt  branching  circuit 


transmitting  period  because  of  the  loss  producing  particles  (free  electrons) 
which  remain  for  a  time  in  the  discharge  gap.  The  combined  losses  must  be 
kept  small  so  as  not  to  impair  the  performance  of  the  system. 

Most  modern  radars  employ  series  branching  circuits  instead  of  the 
shunt  branching  circuit  just  described.  A  coaxial  line  example  of  such  a 
system  (from  the  SCR-545)  employing  the  721A  tube  is  shown  in  Fig.  5. 
As  shown  in  Fig.  6  the  cavity  is  coupled  to  the  coaxial  line  by  means  of  a 
window  which  can  be  slid  along  on  a  slot  in  the  outer  conductor  of  the  coaxial 
line  leading  from  the  transmitter  to  the  antenna.  Fig.  7  is  an  exploded  view 
of  the  cavity.  Such  a  cavity  is  in  effect  in  series  with  the  line  as  the  currents 
existing  in  the  outer  conductor  of  the  coaxial  line  are  interrupted  by  the 
window-.  During  the  transmitting  period  the  low  impedance  at  this  window 
limits  the  voltage  across  it  to  a  small  value  and  prevents  serious  loss  of 
transmitter  power. 

Reception  in  the  series  branching  circuit  of  Fig.  5  is  achieved  by  adjusting 
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Fig.  5 — The  series  branching  circuit  emjiloying  the  721A  tul)c  used  in  the  SCR545 


I'ig.  0— Closeup  view  of  the  cavity  shewn  in  Fig.  5,  partly  disassembled 
to  show  coui)ling  window 
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the  position  of  the  TR  cavity  along  the  slotted  section  of  the  line  until  the 
window  is  located  the  correct  distance  from  the  transmitting  tube.  This 
now  corresponds  to  an  even  number  of  quarter  wavelengths  between  the 
equivalent  short-circuit  plane  and  the  junction,  so  that  the  maximum  current 
is  caused  to  enter  the  cavity.  The  output  to  the  receiver  is  obtained  from  a 
small  coupling  loop  in  the  TR  cavity. 


Fig.  7 — Exploded  view  of  the  cavity  of  Fig.  6 

A  similar  coaxial  line  series  branching  circuit  using  the  IB 23  is  shown  in 
Fig.  8.  The  method  of  inserting  the  tube  in  the  cavity  is  shown  in  Fig. 
9  while  Fig.  10  is  an  exploded  view  showing  the  details. 

This  method  of  coupling  a  resonant  cavity  to  a  transmission  line  by  a 
window  is  not  limited  to  the  coaxial  line  case.  A  wave  guide  system  is  shown 
in  Fig.  11.  The  distance  between  the  TR  cavity  and  the  transmitting  tube 
is  again  adjusted  by  sliding  the  cavity  and  its  window  along  over  a  section 
of  the  rectangular  wave  guide  containing  a  slot. 

The  ATR.  In  all  of  the  systems  so  far  described  use  is  made  of  the 
impedance  mismatch  conditions  at  the  magnetron  or  other  transmitting 
tube  terminals  to  prevent  serious  loss  during  the  receiving  period.     If  the 
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magnetron  "cold"  impedance  docs  not  differ  greatly  from  the  surge  imped- 
ance of  the  transmission  line  used,  it  may  not  be  possible  to  avoid  loss  of 
reflected  signal  into  the  transmitter  line.  Also  in  some  cases,  an  unreason- 
able amount  of  adjustment  must  be  provided  in  the  position  of  the  TR 
cavity  with  respect  to  the  transmitter  to  make  up  for  large  variations  which 
may  be  encountered  in  transmitter  "cold"  impedance.     Both  difficulties 


Fig.  8 — Series  branching  circuit  using  the  1H2S  vacuum  tube 

may  be  avoided  by  the  use  of  a  second  gas  discharge  tube  located  between 
the  transmitter  and  the  TR  and  at  an  odd  number  of  quarter  wavelengths 
from  the  TR  junction.  This  second  tube  is  referred  to  as  the  anti-T-R  tube 
(usually  abbreviated  to  ATR),  or  sometimes  as  the  RT  tube.  The  use  of 
an  ATR  tube  was  not  found  to  be  necessary  in  most  of  the  systems  which 
employed  the  721A  tube. 

With  the  advent  of  still  higher  frequency  systems,  for  which  the  724B 
tube  was  designed,  the  "cold"  impedance  difficulties  just  mentioned  made 
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Fig.  9 — ISIethod  of  inserting  the  1B23  into  the  circuit 
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Fig.  10 — Exploded  view  of  the  1B23  cavity 
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it  seem  advisable  to  cnij)loy  an  AIR  tube.  The  general  arrangements  of 
the  circuit  elements  in  one  of  these  systems  is  shown  in  I-'ig.  12.  The 
main  wave  guide  section  is  shown  removed  from  the  rest  of  the  equipment 
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Fig.  11 — The  wave  guide  system  of  the  SL  radar  emi)Ioying  the  721.\  tulte 


in  Fig.  13  while  Fig.  14  is  an  exploded  view  revealing  the  details  of  the  cavity 
construction.  The  two  cavities  are,  of  course,  coupled  to  the  wave  guide 
by  means  of  windows.     The  wave  guide  branch  leading  to  the  receiver  is  in 
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Fig.  12 — A  general  view  of  a  wave  guide  system  employing  a  7243  tube  in  the 
TR  box  and  a  second  724B  tube  in  the  ATR 
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Fig.  13 — The  main  wave  guide  of  Fig.  12  removed  from  the  rest  of  the  equipment 
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turn  coupled  to  the  TR  cavity  by  another  window.  The  input  and  output 
windows  of  the  TR  cavity  are  adjusted  in  size  to  provide  an  impedance 
match  to  the  line  during  the  receiving  period.  Tlie  window  to  the  ATR 
is,  however,  adjusted  so  that  it  presents  a  high  impedance,  that  is  much 
greater  than  the  surge  impedance,  during  the  receiving  period.  This  high 
impedance  is  effectively  in  series  with  the  magnetron  impedance.  The 
resulting  high  impedance  is  located  at  an  odd  number  of  quarter  wavelengths 
from  the  TR  and  so  presents  a  ver>'  low  impedance  in  series  with  the  receiving 
branch. 
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Fig.  14 — An  exploded  view  of  Fig.  13 


Both  the  TR  box  and  the  ATR  box  must  be  tuned  to  resonance  at  the 
magnetron  frequency.  Broad-band  ATR  boxes  using  very  low  Q  circuits 
have  been  designed  which  require  no  adjustment  over  a  5%  band.  Such 
boxes,  which  obviously  are  very  advantageous  in  tunable  systems,  do  not 
use  the  copper-disc-seal  tubes  which  form  the  principal  subject  matter  of  the 
present  paper,  and  will  not  be  discussed  further. 

TR  Box  Performance 

The  performance  of  a  TR  box  can  be  described  in  terms  of  four  parameters 
which  are  related  to  the  four  duplexing  requirements  mentioned  earlier. 
These  parameters  are  respectively:  (1)  the  high  level  loss,  which  is  the  trans- 
mitting power  loss  in  the  TR  tube;  (2)  the  leakage  power,  which  is  the 
amount  of  transmitter  power  which  reaches  the  receiver;  (3)  the  recovery 
time,  which  measures  the  rate  at  which  the  TR  box  recovers  its  low  level 
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behavior  after  the  termination  of  the  transmitting  period;  and  (4)  the  low- 
level  loss,  which  describes  the  loss  of  the  received  signal  including  (a)  the 
loss  in  the  TR  box  itself  and  (b)  the  loss  in  the  transmitting  branch.  These 
parameters  are  interrelated  and  conflicting.  For  example,  the  interde- 
pendence of  the  leakage  power  and  the  low-level  loss  may  be  computed  on 
the  basis  of  a  somewhat  idealized  TR  box  as  is  done  in  Appendix  A  and  the 
results  presented  in  the  form  of  the  curves  of  Fig.  15.  It  is  customary  to 
design  the  cavities  for  matched  input  conditions  (cr  =  1),  for  obvious  reasons, 
and  for  a  low-level  loss  of  one  to  two  db.  The  relationship  between  the 
transmitting  power  dissipated  in  the  TR  tube  and  the  low-level  loss  is  shown 
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Fig.  15 — The  variation  in  leakage  power  with  the  low  level  loss  adjustment 


in  Fig.  16.  This  curve  may  also  be  used  to  determine  the  effect  of  the  low- 
level  loss  adjustment  of  a  TR  cavity  on  the  recovery  time  characteristic 
since  recovery  time  depends  upon  the  gas  discharge  power  rather  than  upon 
the  transmitter  power  per  se.  In  spite  of  this  interdependence,  it  will  be 
convenient  to  consider  the  different  operating  parameters  separately  in  the 
sections  to  follow.  The  receiver  protection  aspect  will  be  considered  first. 
Receiver  Protection.  The  receiver  protection  problem  is  complicated  by 
the  fact  that  power  reaches  the  receiver  through  the  TR  box  by  three  differ- 
ent mechanisms.  As  shown  in  Fig.  17,  the  observed  leakage  power  pattern  is 
composed  of  three  parts  known  respectively  as  the  spike,  the  normal  flat 
leakage  and  the  direct  coupling.     The  spike  is  the  result  of  the  transient 
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condition  existing  at  the  beginning  of  each  pulse.  Normal  leakage  power 
can  be  thought  of  as  due  to  the  finite  voltage  drop  across  the  gas  discharge 
while  the  direct  coupling  is  that  component  of  the  leakage  power  which 
would  be  present  if  the  voltage  drop  across  the  discharge  were  zero. 
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Fig.  17 — The  shape  of  the  leakage  power  pulse 


The  Spike.  Because  of  the  rapid  rate  of  rise  and  fall  of  the  spike,  the 
observable  deflection  on  an  oscilloscope  is  dependent  upon  the  bandwidth 
of  the  video  amplifier  and  upon  the  energy  in  the  spike.     Although  an 
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observation  of  the  true  shape  of  the  spike  has  not  yet  been  made,  the  dura- 
tion is  estimated  to  be  of  the  order  of  10~'  seconds,  a  time  interval  that  is 
probably  short  compared  with  the  thermal  time  constant  of  the  contact  on  a 
converter  crystal.  However,  it  is  possible  to  measure  the  energy'  content  of 
the  spike,  and  such  measurements  indicate  that  this  energy  is  fairly  inde- 
pendent of  the  length  of  the  pulse  and  of  the  transmitted  power  level, 
although  it  is  definitely  dependent  upon  the  steepness  of  the  wave  front  of 
the  transmitted  pulse.  The  spike  clearly  represents  energy  transfer  through 
the  TR  box  during  the  period  required  to  establish  the  discharge  conditions 
which  exist  during  the  flat.  The  energy  contained  in  the  spike  varies  be- 
tween a  few  hundredths  of  an  erg  to  perhaps  one  erg  per  pulse,  depending 
upon  a  variety  of  factors.  By  way  of  comparison,  the  conventional  crystal 
rectifiers  are  proof  tested  in  manufacture  with  a  single  spike  of  0.3  erg  to 
5.0  ergs,  depending  upon  the  crystal  type.  It  is  generally  believed  that  the 
spike  is  more  damaging  than  the  flat  in  most  radar  systems. 

The  energy  in  the  spike  is  found  to  depend  upon  the  repetition  rate  of  the 
transmitting  pulses,  presumably  because  of  residual  ionization  in  the  gas 
discharge  gap.  At  low  repetition  rates  (that  is  less  than  roughly  1,000 
pulses  per  second),  the  spike  energy  may  be  materially  decreased  by  a  d-c 
glow  discharge  near  the  radio  frequency  gap.  This  discharge  provides  a 
continuous  supply  of  ions  and  free  electrons  and  so  aids  in  establishing  the 
desired  condition  in  the  r-f  discharge  path.  A  discharge  is  supplied  in  all 
the  standard  TR  tubes.  An  auxiliary  electrode  called  the  "igniter"  or 
"keep-alive"  is  used  as  the  cathode,  with  the  back  or  inside  portion  of  one 
of  the  high  frequency  electrodes  acting  as  the  anode.  A  small  amount  of 
radioactive  material  is  placed  in  the  tube  to  insure  that  the  igniter  discharge 
starts  on  the  application  of  the  igniter  voltage.  Fig.  18  is  a  plot  of  the  way 
in  which  the  spike  energy  varies  with  the  repetition  rate  both  with  and  with- 
out an  igniter  discharge.  Igniter  oscillations  sometimes  occur  as  a  result  of 
the  negative  resistance  characteristics  of  the  igniter  discharge.  This  causes 
a  cyclic  variation  in  the  number  of  free  electrons  and  ions  with  a  resulting 
fluctuation  in  the  spike  energy.  Inadequate  protection  may  result  from 
such  oscillations.  It  is  customary  to  mount  a  current  limiting  resistance 
very  close  to  the  igniter  cap  to  minimize  the  effects  of  these  undesirable 
oscillations.  When  such  oscillations  still  occur  they  are  usually  evidence 
of  an  insufliciently  high  igniter  voltage  or  of  tube  failure.  The  margin  of 
safety  in  the  igniter  operation  may  be  increased  by  increasing  the  discharge 
current  but  at  the  expense  of  greatly  reduced  tube  life. 

When  a  radar  system  is  first  turned  on,  the  first  pulse  occurs  without  the 
benefit  of  residual  ions  in  the  discharge,  and  for  the  first  few  pulses  the  spike 
energy  may  easily  reach  dangerously  high  values.  While  the  magnitude 
of  this  "turn  on"  eflFect  is  greatly  reduced  by  the  presence  of  the  igniter 
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discharge,  it  is  customary  to  provide  a  "crystal  gate"  in  the  form  of  a 
shutter  which  isolates  the  crystal  from  the  TR  box  until  after  stable  trans- 
mitting conditions  have  been  reached  and  until  the  TR  tube  discharge  has 
been  established.  The  need  for  this  additional  turn-on  protection  is  some- 
what greater  with  the  724B  than  it  is  with  the  721A  tube.  Another  im- 
portant function  of  the  "crystal  gate"  is  to  prevent  the  crystal  in  an  idle 
radar  from  being  damaged  by  energ\'  from  other  radars  operating  nearby. 
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P^ig.  18 — The  dependence  of  spike  on  the  repetition  rate  for  the  724B  tube  in  a  cavity 
adjusted  for  a  1.5  db  low  level  loss  and  for  a  transmitter  power  level  of  8  kw  peak 

The  energy  in  the  spike  is  a  function  of  the  efifective  size  of  the  input  and 
output  coupling  windows  of  the  TR  box.  A  convenient  method  of  present- 
ing this  effect  is  to  plot  the  spike  energy  as  a  function  of  the  low-level  trans- 
mission loss  of  the  cavity  which  also  depends  upon  the  window  sizes.  Fig. 
19  is  such  a  plot  for  the  724B  tube*.  Comparing  these  experimental  data 
with  the  computed  flat  power  curve  of  Fig.  15,  one  notes  that  the  spike 
energy  varies  at  a  more  rapid  rate  than  does  the  flat  power.  In  both  cases, 
the  leakage  decreases  as  the  low-level  loss  increases  and  crystal  protection 
can  be  purchased  at  the  expense  of  receiver  sensitivity. 

*  Based  on  data  taken  at  the  M.I.T.  Radiation  Laboratories  by  F.  L.  McMillan.  Jr. 
and  J.  B.  Wiesner. 
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Fig.  19 — The  variation  in  spike  energy  with  the  low  level  loss  adjustment  (o-  =  1)  for  the 

724B.     This  experimental  curve  for  the  spike  energy  should  be  compared  with  the 

idealized  flat  power  curves  of  Fig.  15 
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Fig.  20 — The  effect  of  gas  pressure  on  the  spike  energy  for  the  724B 
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The  way  in  which  the  spike  energy  varies  with  pressure  of  the  gas  in  the 
TR  tube  is  illustrated  in  Fig.  20.  These  data  were  obtained  on  the  724B 
tube  structure.  Other  factors,  yet  to  be  discussed,  prevent  the  use  of  the 
exact  optimum  pressure  as  determined  on  the  basis  of  the  spike  energy 
only. 

The  Flat.  The  more  or  less  flat  portion  of  the  leakage  power  is  in  reahty 
the  result  of  two  different  mechanisms  of  energy  transfer,  one  of  which  is 
reasonably  independent  of  the  transmitter  power  level.  It  is  this  portion 
only  with  which  we  will  now  be  concerned.  This  flat  power  is  critically 
dependent  on  the  chemical  constitution  and  pressure  of  the  gas  within  the 
TR  tube.     It  can  be  thought  of  as  being  the  power  transmitted  by  the  TR 
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Fig.  21 — Experimental  curves  showing  the  relationship  between  flat  leakage  power  and  gas 
pressure,  taken  with  a  c-w  oscillator 


box  by  virtue  of  the  fact  that  the  voltage  drop  across  the  gas  discharge  is  not 
zero.  The  constancy  of  the  flat  power  in  spite  of  variations  in  the  trans- 
mitter power  level  is  presumably  related  to  the  similar  phenomenon  of  a 
nearly  constant  voltage  drop  across  a  d-c  gas  discharge  independent  of  the 
discharge  current.  Because  of  this  constancy,  the  gas  discharge  parameter 
A,  shown  in  Fig.  15,  can  be  assumed  to  be  a  constant  more-or-less  inde- 
pendent of  the  transmitter  power  level.  Reasonable  values  of  /'o  for  cavity 
design  purposes  are  20  volt-amperes  for  the  721 A  tube  and  10  volt-amperes 
for  the  724B  tube.  Corresponding  values  of  the  Qq  parameters  needed  in 
interpreting  Fig.  15  are  2500  for  the  721A  tube  and  1500  for  the  724B  tube. 
Using  these  values  the  flat  leakage  power  for  a  TR  box  using  a  721 A  tube 
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and  having  a  low-level  loss  of  1  db  would  be  30  milliwatts.  The  corre- 
sponding flat  leakage  power  for  the  724B  tube  in  a  1.5  db  box  would  be  16 
milliwatts.  Actual  measured  values  are  usually  somewhat  less  than  these 
figures.  As  most  crystals  will  withstand  flat  powers  very  much  greater  than 
this  amount,  the  flat  power  is  normally  of  much  less  importance  than  the 
spike  in  contributing  to  converter  crystal   failure. 

Since  the  flat  portion  of  the  leakage  power  represents  quasi-steady-state 
conditions,  it  is  possible  to  simulate  it  for  purposes  of  study  by  the  use 
of  a  C.W.  oscillator.     Fig.  21  contains  three  experimental  curves  taken  at 
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Fig.  22 — The  pressure  for  minimum  leakage  power  as  a  function  of  frequency 


three  different  frequencies  showing  the  relationship  between  the  flat  leakage 
power  and  gas  pressure.  These  curves  were  all  taken  with  tubes  filled 
with  hydrogen  only.  Fig.  22  shows  that  the  pressure  for  minimum  flat 
leakage  is  proportional  to  the  frequency.  This  simple  law  probably  does 
not  apply  at  frequencies  much  less  than  1000  mc. 

Water  vapor  is  used  in  commercial  TR  tubes  to  improve  the  recovery  time, 
as  will  be  discussed  later.  The  variation  in  flat  leakage  power  with  partial 
water  vapor  pressure  as  measured  on  a  721A  type  of  tube  containing  both 
hydrogen  and  water  is  shown  in  Fig.  23.  These  data  were  taken  in  a 
radar  system. 

In  this  connection,  it  is  of  interest  to  note  that  the  characteristics  of  the 
gas  discharge  in  the  TR  box  must  of  necessity  be  quite  different  from  those 
that  obtain  at  lower  frequencies.     Simple  calculations  indicate  that  the 
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mean  free  path  of  an  electron  is  in  general  of  the  same  order  as  the  distance 
between  the  electrodes  but  that  very  few  electrons  are  able  to  reach  the 
electrodes  because  of  the  very  rapid  reversals  in  the  r-f  field.  Electrons 
therefore  oscillate  rapidly  to  and  fro,  losing  energy  to  the  neutral  gas  mole- 
cules and  to  positive  ions  through  occasional  collisions  The  positive  ions 
do  not  contribute  in  any  substantial  way  to  the  discharge  current  because 
of  their  large  mass  and  correspondingly  low  velocity.  The  r-f  voltage  drop 
across  the  discharge  is  maintained  at  a  relatively  low  value  by  the  formation 
of  more  ions  and  free  electrons  by  collisions  between  electrons  and  neutral 
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l''ig.  23 — The  effect  on  leakage  power  of  the  addition  of  water  vapor  to  20  mm  of  hydrogen 

in  the  721A  type  tube 


molecules  as  soon  as  this  voltage  rises  above  some  critical  value.  Measure- 
ments indicate  that  the  voltage  drop  across  the  r-f  gap  is  of  the  order  of  80 
to  100  volts  for  a  typical  TR  tube.  The  variation  in  voltage  drop  with  gap 
length  may  be  inferred  from  the  flat  power  measurements  recorded  in  Fig. 
24. 

Direct  Coupling.  At  very  high  transmitter  power  levels  a  third  component 
of  leakage  power  is  observed  which  is  directly  proportional  to  the  trans- 
mitter power.  This  component  is  usually  called  "direct  coupling".  It  is 
due  to  the  transmission  of  power  through  the  cavity  in  modes  which  do  not 
have  voltage  maxima  at  the  gas  discharge  gap.  It  can  therefore  be  ob- 
serv-ed  even  when  the  gap  in  the  tube  is  short  circuited.  In  fact  measure- 
ments made  under  such  short-circuited  gap  conditions  yield  results  com- 
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parable  to  the  values  observed  for  actual  tubes.  The  direct  coupling  com- 
ponent of  the  total  flat  p(?wer  and  the  gas  discharge  limited  component  are 
found  to  be  additive.  Direct  coupling  power  is  logically  measured  in  terms 
of  db  below  the  transmitter  power  level  and  for  the  usual  TR  box  is  of  the 
order  of  60  to  70  db.  An  abnormal  form  of  direct  coupling  which  may 
reach  dangerous  values  can  occur  under  certain  improper  operating  condi- 
tions when  the  magnetron  produces  an  appreciable  amount  of  power  at  other 
than  the  normal  operating  frequency.  Some  of  these  spurious  frequencies 
may  be  in  the  vicinity  of  the  resonant  frequencies  for  these  "direct  coupling" 
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Fig.  24 — The  variation  in  flat  leakage  power  with  gap  length,  measured  at  3000  megacycles 


modes  in  the  TR  box  and  so  be  transmitted  without  much  attenuation. 
Normally,  direct  coupling  is  of  interest  only  in  very  high  power  systems. 
Receiver  Self -Protection.  The  fact  was  mentioned  earlier  that  a  receiver 
can  provide  itself  with  a  certain  amount  of  self-protection  as  a  result  of  its 
change  of  impedance  with  level.  This  effect  is  still  of  use  even  in  systems 
employing  TR  boxes.  Unfortunately  the  apparent  source  impedance  at 
the  TR  box  output  terminals  is  different  for  the  different  components  of  the 
leakage  power  so  that  the  self-protection  feature  cannot  be  utilized  for  all 
components  simultaneously.  The  matter  is  further  complicated  by  the 
fact  that  the  converter  crystals  themselves  vary  greatly  in  their  impedance 
and  in  their  variation  of  impedance  with  power  level.  The  best  designed 
converters  as  far  as  crystal  protection  is  concerned  are  usually  those  which 
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provide  a  certain  amount  of  self-protection  against  the  spike.     It  has  been 
estimated  that  this  self-protection  seldom  exceeds  2  db  in  practice. 

Leakage  Power  Measurement.  The  c-w  method  of  measuring  the  flat 
power  has  already  been  mentioned.  Spike  energy  and  direct  coupling 
must,  of  course,  be  measured  under  normal  high  level  operating  conditions. 
Relative  measurements  of  the  spike  can  be  made  with  an  oscilloscope,  acting 
ballistically,  and  the  factors  which  affect  the  spikes  can  be  studied  in  this 
manner.  A  correlation  between  the  relative  spike  energies  and  the  degree  of 
cr>'stal  protection  can  be  obtained  by  trial  and  from  this  correktion  the 
operating  conditions  for  adequate  protection  can  be  determined.  Most  of 
the  early  studies  were  made  in  this  way.  It  is  possible  to  deduce  absolute 
values  for  spike  energ>',  flat  power,  and  direct  coupling  from  measurements 
made  when  all  three  are  present  because  of  the  different  ways  in  which  these 
parameters  vary  with  the  recurrence  rate,  pulse  length  and  transmitter 
power.     The  method  of  doing  this  is  outlined  in  appendix  D. 

A  more  precise  method  of  measuring  the  spike  energy  involves  the  can- 
cellation of  the  flat  power  by  a  signal  of  adjustable  phase  and  amplitude 
obtained  from  the  high-level  transmission  line.  The  average  spike  power 
is  then  measured  directly  and  energy  per  spike  computed.  Most  of  the 
spike  data  quoted  earUer  were  obtained  in  this  fashion. 

High-level  Loss.  The  power  dissipated  in  the  TR  box  as  a  result  of  the 
gas  discharge  is  not  ordinarily  a  large  enough  fraction  of  the  total  transmitter 
power  to  be  of  any  concern.  Using  the  Po  values  previously  quoted,  it  is 
possible  to  compute  the  gas  discharge  power  by  the  use  of  Fig.  16.  At  a 
line  power  of  100  kw  and  a  low-level  loss  of  1  db  the  gas  power  in  the  721A 
tube  is  63  watts.  The  corresponding  figure  for  a  1.5  db  box  using  the  724B 
tube  is  47  watts.  For  these  cases  the  high-level  loss  is  therefore  less  than 
0.005  db.  Low  as  this  fraction  is  in  db  it  still  may  be  high  enough  to  affect 
the  life  of  the  TR  tube,  as  discussed  in  a  later  section.  No  trouble  of  this 
sort  is  ordinarily  encountered  with  the  724B  or  721A  tubes.  The  chief 
cause  of  failure  of  the  1B23  is  from  loss  of  Q  and  this  in  turn  is  caused  by  the 
sputtering  action  of  the  high-frequency  discharge. 

Recovery  Time.  As  mentioned  earlier  a  TR  box  must  recover  its  low- 
level  properties  at  the  end  of  the  transmitting  pulse  in  a  very  short  period  of 
time.  The  actual  "recover)'  time"  is  in  fact  several  orders  of  magnitude 
smaller  than  the  deionization  times  of  the  usual  gas  discharge  so  that  a 
quite  different  mechanism  must  be  involved.  While  an  exact  theory  of  the 
recovery  is  beyond  the  scope  of  the  present  paper,  a  qualitative  picture  of 
the  recovery  process  may  be  of  interest. 

During  the  transmitting  period  the  free  electrons  provide  almost  all  of  the 
discharge  current,  and  are  replenished  by  electron-molecule  collisions.     At 
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the  end  of  the  transmitting  period  these  electrons  may  migrate  from  the 
discharge  region,  they  may  recombine  with  the  positive  ions,  or  they  may  be 
captured  by  molecules  to  form  negative  ions.  Negative  ion  formation  by 
attachment  effectively  removes  an  electron  from  the  discharge  because  of 
the  great  increase  in  mass.  It  is  an  experimental  fact  that  those  gases 
which  readily  form  such  ions  (of  which  water  vapor  is  the  most  common) 
are  the  gases  which  exhibit  good  recovery  in  a  TR  box.     This  process  is 
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Fig.  25 — A  typical  recovery  time  characteristic  for  the  721A  tube  in  a  TR  cavity  adjusted 
to  1.5  db  low  level  loss  with  a  transmitter  power  level  of  100  kw  peak 


not  deionization  in  the  ordinar}^  sense  and  it  can  take  place  at  a  surprisingly 
rapid  rate. 

Of  course,  immediately  upon  the  termination  of  the  transmitting  pulse, 
the  cloud  of  free  electrons  will  cause  an  extremely  high  loss  to  any  reflected 
signal  but  the  loss  will  rapidly  decrease  to  some  limiting  value  set  by  the 
fixed  losses  in  the  TR  cavity  itself. 

A  typical  recovery  curve  for  the  721A  tube  is  shown  in  Fig.  25.  This 
curve  has  a  particularly  fortunate  shape  in  that  the  variation  in  loss  with 
distance,  or  more  correctly  with  time,  is  at  approximately  the  same  rate  as 
the  variation  in  the  reflected  signal  level  with  distance  for  a  target  of  fixed 
size.     The  importance  of  this  can  be  understood  by  considering  the  way  in 
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which  the  reflected  signal  intensity  varies  as  an  object  of  fixed  size  approaches 
a  radar  set  from  a  great  distance.  Such  an  object  as  seen  by  a  given  radar 
set  may  be  represented  on  Fig.  25  by  a  straight  Une  having  a  slope  of  12  db 
per  factor  of  two  in  distance.  Several  such  lines  are  shown.  Considering 
line  A  it  will  be  observed  that  this  target  can  first  be  seen  at  a  distance 
corresponding  to  12  microseconds.  Since  this  target  line  always  remains 
below  the  TR  recovery  line  for  times  shorter  than  that  at  the  intersection 
point,  an  object  once  seen  will  remain  in  view  continuously  as  it  approaches 
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Fig.  26— The  recovery  time  characteristic  at  two  different  transmitter  power  levels  for  the 
724B  tube  in  a  1.5  db  TR  box 

the  transmitter  even  in  spite  of  the  poor  recovery  characteristics  of  the  TR 
box.  A  certain  amount  of  sensitivity-time-control  action  is  actually  pro- 
vided. The  recovery  time  characteristic  frequently  does  not  necessarily 
set  a  lower  limit  on  the  effective  range  of  a  radar  system  although  it  always 
sets  a  limit  on  the  smallest  effective  target  size  which  can  be  observed. 

The  recovery  time  characteristic  is  critically  related  to  the  transmitter 
output  power  level  as  shown  by  the  data  for  a  724B  tube  shown  in  Fig.  26. 
When  the  recover>'  time  curves  for  two  different  power  levels  are  compared, 
the  target  line  which  is  just  detectable  at  a  power  level  of  11.4  kw  is  shown 
as  the  line  marked  A  Contrasting  with  the  721A  behavior  this  target  would 
be  visible  only  at  one  point  and  would  then  be  lost  from  sight  as  it  approached 
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the  transmitter.  This  same  target  is  represented  on  the  plot  as  line  A' 
for  a  transmitter  output  power  of  155  kw,  that  is  being  displaced  vertically 
by  approximately  12  db  to  take  account  of  the  difference  in  transmitter 
power.  At  this  higher  power  level  the  target  would  be  visible  at  a  much 
greater  distance  (corresponding  to  7  microseconds  elapsed  time)  and  would 
remain  in  view  until  the  target  distance  corresponded  to  2.1  microseconds 
time.  In  this  case  an  increase  in  power  by  12  db  resulted  in  an  increase 
in  range  by  a  factor  of  2.8.  While  this  would  indicate  that  an  increase  in 
range  can  be  obtained  by  increasing  the  transmitter  power,  it  should  not  be 
inferred  that  an  increase  in  the  near-range  sensitivity  will  always  result  from 
an  increase  in  power.  At  any  specified  range  there  appears  to  be  a  unique 
value  of  transmitter  power  output  beyond  which  the  loss  in  TR  box  recovery 
more  than  offsets  any  increase  in  range  due  to  higher  output  powers.  While 
accurate  figures  are  not  available  for  the  721 A  tube,  there  is  some  evidence 
that  an  output  power  of  100  kw  is  already  too  large  for  ranges  corresponding 
to  elapsed  times  of  10  microseconds  or  less.  Under  these  conditions  im- 
proved operation  results  from  a  decrease  in  the  transmitter  power  level. 
Such  an  effect  has  never  been  observed  by  the  writers  with  the  724B  tube, 
probably  because  the  transmitter  powers  available  in  its  operating  fre- 
quency range  have  usually  been  somewhat  less  than  that  available  with  the 
721A  tube. 

It  should  be  noted,  at  this  point,  that  the  recovery  time  does  not  depend 
upon  the  transmitter  power  only,  but  rather  upon  the  gas  discharge  power 
which  is  a  function  of  both  the  transmitter  power  and  the  low-level  loss 
adjustment  of  the  TR  box  as  shown  by  Fig.  16.  A  very  great  improvement 
in  near  range  sensitivity  can  usually  be  obtained  by  increasing  the  trans- 
mitter power  level  and  at  the  same  time  increasing  the  low-level  loss  adjust- 
ment of  the  cavity  to  limit  the  gas  power  to  a  value  for  which  the  recovery 
time  is  satisfactor}^  This  of  course  increases  the  ultimate  low-level  loss  and 
so  adversely  affects  the  long-range  sensitivity. 

The  dependence  of  the  recovery  time  on  the  ambient  temperature  for  the 
721A  tube  is  shown  in  Fig.  27.  The  724B  tube  is  much  less  temperature 
dependent.  This  variation  in  recovery  time  with  temperature  is  caused 
by  the  reduction  in  water  vapor  pressure  through  condensation,  as  shown 
by  the  identity  of  tlie  recovery  curve  for  a  standard  721A  tube  at  — 186°  C. 
with  a  special  tube  filled  with  hydrogen  only. 

With  continued  life  the  water  vapor  content  of  the  tube  decreases  with 
the  corresponding  change  in  the  recovery  time  characteristic.  Fig.  28 
shows  the  effect  with  the  721A  tube.  The  dependence  of  the  recovery  time 
on  the  water  vapor  content  in  the  724B  tube  is  shown  in  Fig.  29.  Comparing 
this  curve  with  Fig.  27,  it  will  be  observed  that  the  loss  of  water  vapor  has 
much  less  effect  on  the  recovery  characteristics  of  the  724B  tube  than  on  the 
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721 A  tube.  It  should  be  noted,  however,  that  the  724B  tube  frequently 
reaches  the  end  of  its  useful  life  as  a  result  of  its  failure  to  provide  adequate 
receiver  protection  before  serious  loss  of  recovery  occurs. 

The  ATR,  if  one  is  used,  can  also  contribute  to  poor  recovery  as  may  be 
seen  by  referring  to  Fig.  30.  These  data  are  not  necessarily  representative 
since  it  is  possible  to  adjust  the  length  of  line  between  the  magnetron 
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Fig.  27 — The  dependence  of  the  recovery  time  on  the  ambient  temperature  for  the  721A 

tube 

and  the  ATR  junction  so  as  to  minimize  the  effect.  Nevertheless  the  effect 
is  important  and  should  not  be  overlooked. 

Low-Level  Loss.  An  analysis  of  the  low-level  loss  must  take  into  account 
two  components  of  loss,  the  first  resulting  from  power  loss  in  the  TR  cavity 
itself  and  the  second  resulting  from  the  fact  that  some  power  will  always 
be  absorbed  by  the  transmitting  branch  of  the  system. 

The  relationships  existing  between  the  low-level  loss  adjustment  of  a  TR 
box  and  its  other  performance  characteristics  have  already  been  discussed. 
One  aspect  of  the  problem,  not  previously  considered,  has  to  do  with  the 
dependence  of  the  performance  on  the  Q  of  the  cavity.  This  is  clearly  shown 
in  Fig.  15  which  has  already  been  referred  to  in  a  different  connection.  From 
this  aspect,  at  least,  the  higher  the  Q  of  the  tube  and  its  associated  cavity  the 
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Fig.  28 — The  variation  in  recovery  time  with  hfe  for  a  typical  721 A  tube 
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Fig.  29 — The  variation  in  recovery  time  with  gas  content  for  the  724B  tube 
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better  the  over-all  performance  of  the  system.*  Any  basic  improvement  in 
Q  can  be  reflected  either  in  a  lowering  of  the  leakage  power  or  in  a  reduction 
of  the  low-level  loss,  as  may  be  desired. 

Variations  in  the  Q  between  tubes  used  in  a  given  cavity  of  fixed  design, 
are,  however,  seen  as  variations  in  the  low-level  loss  only  and  have  no 
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Fig.  30 — The  ATR  recovery  effect 


noticeable  efifect  on  the  leakage  power.  This  may  be  understood  by  refer- 
ence to  the  equations  derived  in  appendix  A.  The  performance  of  a  some- 
what idealized  TR  box  may  be  expressed  in  terms  of  three  design  parameters 
5o,  5i  and  So  which  relate  respectively  to  the  properties  of  the  cavity,  its 
input  coupling,  and  its  output  coupling;  and  in  terms  of  a  gas  discharge 
parameter  Pq.  In  terms  of  these  new  parameters  the  in-tune  low-level 
tansmission  of  a  TR  box  is  given  as  a  power  ratio  by 


T  = 


48182 


[80  +  5i  +  52]^ ' 


(12)t 


*  As  explained  later  in  this  section,  band  width  limitations  set  an  upper  limit  to  the 
permissible  Q. 

t  Numbered  equations  in  the  text  correspond  with  the  numbers  used  in  the  appendices. 
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The  input  standing  wave  ratio  on  the  input  Hne  is  given  by 

Oq   -+-    02 

The  leakage  power  is  similarly  given  by 

Pr  =  Po  52  (14) 

while  the  gas-discharge  power  in  terms  of  these  parameters  and  the  power 
in  the  transmitting  line  (P)  is  given  by 

P,  =  (P  Po  h?""  (19) 

The  parameters  5i  and  ^2  are  properties  of  the  input  and  output  coupling 
as  they  are  geometrically  related  to  the  cavity  and  are  substantially  in- 
dependent of  the  Q  of  the  cavity.  The  parameter  5o  is,  however,  the  recipro- 
cal of  the  intrinsic  or  unloaded  cavity  Q.  Equation  12  is  seen  to  depend 
upon  5o  but  equations  (14)  and  (19)  do  not.  The  efifect  of  variations  in 
Q  is  thus  demonstrated. 

The  over-all  performance  is  also  affected  by  the  relative  values  of  5i 
and  62.  In  view  of  the  dependence  of  Pr  on  b-2  directly  and  on  5i  indirectly 
through  the  fact  that  Po  is  not  entirely  independent  of  Pg,  it  is  advantageous 
to  adjust  the  values  of  5i  and  ^2  so  that  the  input  standing  wave  ratio  (o-  of 
equation  13)  is  unity.  Such  a  condition  is  also  very  desirable  for  system 
reasons  as  well.     When  this  condition  is  met,  equation  (12)  reduces  to 

J,    _    ^2 

The  curve  marked  o-  =  1  of  Fig.  15  and  the  curve  of  Fig.  16  were  plotted  on 
this  basis.  It  should  be  noted  that  matched  input  requires  that  the  input 
window  be  larger  than  the  output  window. 

TR  boxes  are  unfortunately  not  always  operated  in  the  in-tune  condition, 
and  they  must  also  pass  a  band  of  frequencies  as  fixed  by  the  narrowness  of 
the  transmitter  pulse.  For  these  reasons  the  Q  must  not  be  set  at  too  high 
a  value.  The  additional  low-level  loss  which  results  from  off-tune  operation 
may  be  computed  from  equation  28  of  appendix  A. 

Incidentally,  it  is  an  experimental  fact  that  the  leakage  power  and  the 
gas-discharge  power  are  not  materially  altered  by  small  departures  from  the 
in-tune  adjustment,  presumably  because  of  the  very  low  effective  Q  of  the 
gas  discharge. 

The  ATR  Low-Level  Loss  Component.  The  component  of  low-level  loss 
which  results  from  losses  of  power  to  the  transmitting  branch  depends  very 
greatly  upon  the  "cold  impedance"  of  the  magnetron  or  other  transmitting 
tube  and  upon  the  properties  of  an  ATR  box  if  one  is  used.    As  shown  in 
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appendix  C  the  loss  chargeable  to  the  ATR  and  the  associated  transmitting 
arm  can  be  expressed  as  a  factor  F  given  by 

F  = - m 

(2  +  Cy  +  B' 

where  G  and  B  are  respectively  the  conductance  and  susceptance  of  this 
branch  in  units  of  the  surge  admittance  of  the  transmission  line.     Since 


Fig.  31— Curves  for  constant  ATR  loss  in  db  as  a  function  of  the  impedance  of  the  trans- 
mitting branch 

curves  for  constant  values  of  F  appear  on  the  reflection  coefficient  plane 
(Smith  transmission  line  chart)  as  circles  this  presentation  is  very  con- 
venient. Fig.  31  is  such  a  plot  (impedance  circles  rather  than  admittance 
circles  are  shown). 

If  now  an  ATR  is  introduced  having  a  resistive  component  of  impedance 
the  range  of  values  of  G  and  B  is  restricted  so  that  a  minimum  value  of  F 
exists  for  any  random  value  of  the  magnetron  impedance.  With  variations 
in  the  magnetron  cold  impedance  or  in  the  effective  length  of  line  between 
the  magnetron  and  the  ATR  junction  the  value  of  F  will  vary  between  this 
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minimum  value  and  some  maximum  value  which  may  approach  unity. 
For  example  if  the  ATR  is  adjusted  to  have  the  same  gas-discharge  power 
as  that  in  a  TR  adjusted  for  a  transmission  of  T,  its  low-level  in-tune  input 
impedance  will  be 


Z  = 


1  -  T 


(38) 


Fig.  32 — The  ATR  low  level  loss  as  a  function  of  the  magnetron  impedance  mth  an  ATR 
adjusted  to  an  impedance  of  8  -|-  jO 

Actually  since  the  gas-discharge  power  is  usually  not  the  limiting  factor  in 
the  design  it  is  possible  to  adjust  the  ATR  to  have  an  input  impedance  of 
8  or  9  (in  terms  of  the  line  characteristic  impedance),  corresponding  to  a 
TR  low-level  transmission  of  the  order  of  1/2  db  {T  =  0.89)  and  yielding 
an  ATR  loss  of  approximately  1/2  db. 

Since  the  exact  value  of  the  impedance  of  the  magnetron  branch  is  not 
necessarily  known  it  is  convenient  to  show  the  dependence  of  the  loss  factor 
F  for  any  given  ATR  on  the  magnetron  impedance  by  a  plot  somewhat 
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similar  to  Fig.  31  but  transformed  to  the  magnetron  side  of  the  ATR  junc- 
tion. This  may  be  done  by  subtracting  the  ATR  impedance  from  the  values 
read  off  of  Fig.  31  corresponding  to  desired  values  of  F  and  replotting  these 
on  the  reflection  coefficient  plane.  As  an  example,  the  in-tunc  value  ofZ 
for  one  typical  724B  ATR  cavity  is  8  +  jO.  Points  lying  on  the  i?=  8 
circle  on  Fig.  31  will  then  lie  on  the  magnetron  J?  =  0  circle,  the  region 
inside  being  distorted  and  expanded  to  fill  the  entire  positive  R  region  on 
the  reflection  plane.  The  results  are  shown  in  Fig.  32.  From  this  plot  it 
is  evident  that  the  maximum  possible  low-level  loss  chargeable  to  the  trans- 
mitting branch  would  be  slightly  more  than  0.52  db  and  that  this  would 
occur  only  for  a  restricted  range  in  the  value  of  magnetron  impedance.  As  a 
matter  of  practical  interest  the  "cold  impedance"  of  the  usual  magnetron 
is  such  as  to  give  at  most  a  20-db  standing  wave.  This  restricts  the  possible 
range  in  impedance  values  to  the  area  on  Fig.  32  within  the  dotted  circle, 
thus  limiting  the  maximum  loss  to  slightly  less  than  0.52  db,  and  imposing 
a  minimum  loss  limit  of  0.22  db. 

This  type  of  analysis  may  be  extended  to  consider  the  ATR  loss  during 
the  recovery  period  if  desired  although  the  problem  becomes  rather  com- 
plicated as  a  result  of  the  simultaneous  variation  in  input  impedance  of  both 
the  TR  and  the  ATR. 

TR  Box  Design  Considerations 

The  desired  electrical  properties  for  a  TR  box  can  of  course  be  achieved  in 
a  variety  of  different  physical  structures.  A  construction  technique  which 
separates  the  gas-discharge  tube  from  the  rest  of  the  TR  box  cavity  offers 
many  advantages.  In  the  first  place  the  cost  of  the  entire  device  is  kept  low 
by  reason  of  the  fact  that  it  is  not  necessary  to  transmit  the  tuning  motion 
through  the  vacuum-tight  tube  enclosure.  The  replacement  cost  is  also 
greatly  reduced  since  the  more  complicated  part  of  the  TR  box  is  a  perma- 
nent part  of  the  equipment.  Then,  the  same  tube  structure  can  be  used 
for  a  variety  of  different  types  of  equipment  operating  in  different  wave- 
length bands  and  requiring  different  amounts  of  receiver  protection  by  the 
use  of  different  size  cavities  and  different  size  coupling  windows.  This 
greatly  simplifies  the  problem  of  maintaining  replacement  stocks.  An  addi- 
tional factor,  which  was  of  importance  during  the  early  days  of  the  war, 
is  that  the  design  of  such  a  tube  can  be  frozen  at  an  early  stage,  before  all 
the  possible  circuit  aspects  of  the  TR  problem  have  been  solved  since  changes 
in  the  external  parts  of  the  TR  box  can  be  made  independent  of  the  design 
of  the  replaceable  tube  element.  The  widespread  use  of  the  721A  and  724B 
vacuum  tube  is,  in  a  sense,  proof  of  the  essential  soundness  of  the  arguments 
for  the  external  cavity  type  of  construction. 
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The  chief  difficulty  to  be  overcome  in  the  design  of  a  separate  cavity  type 
of  TR  box  has  to  do  with  the  need  for  a  low-loss  contact  between  the  internal 
portions  of  the  tube  and  the  external  cavity.  A  copper-disc  sealing  tech- 
nique, developed  at  the  Bell  Laboratories  in  connection  with  the  construc- 
tion of  water  cooled  tubes*  and  later  superseded  by  the  now  conventional 
Housekeeper  seal,  had  previously  been  applied  at  ultra-high  frequencies 
in  the  design  of  oscillators  and  amplifiers.  This  technique  makes  possible 
very  satisfactory  high-frequency  connections  by  simply  clamping  the  ex- 
ternal portion  of  the  disc  between  machined  surfaces.  The  flexibiHty  of 
the  copper  discs  is  sufficient  to  compensate  for  minor  machining  errors  and 
for  differential  thermal  expansions  while  the  relative  softness  of  the  copper 
insures  a  continuous  contact  around  the  entire  periphery.  The  goodness 
of  contact  provided  by  these  contacts  is  evidenced  by  the  fact  that  Q's 
of  4000  and  greater  are  obtained  at  3000  megacycles  with  discs  of  the  721 A 
type.  This  technique  w^as  therefore  adopted  for  the  721 A  tube  and  the 
724B  tube  and  for  one  electrode  of  the  1B23  tube.  The  second  high-fre- 
quency electrode  of  the  1B23  was  made  in  the  form  of  a  rod  terminating 
in  a  ball  for  convenience  in  replacing  tubes  since  the  accompanying  loss  of 
Q  can  be  tolerated  in  the  frequency  range  where  this  tube  is  used. 

In  an  external  cavity  type  of  TR  box  the  over-all  goodness  of  the  design 
is  largely  determined  by  the  design  of  the  gas-discharge  tube.  It  is  the 
tube  designer's  responsibility  to  determine  the  optimum  shape  and  size  for 
the  copper  discs  and  for  the  glass  tube  envelope  and  to  determine  the  opti- 
mum gas  composition  and  pressure,  with  due  consideration  being  given 
to  such  matters  as  mechanical  ruggedness,  manufactureability  and  freedom 
from   undesirable   ambient   temperature,   pressure   and   humidity   effects. 

With  the  copper-disc  type  of  tube  the  system  designer  has  at  his  disposal 
the  ability  to  vary  the  design  of  the  external  cavity,  and  to  arrive  at  any 
specific  compromise  between  the  various  conflicting  performance  criteria 
which  he  feels  to  be  the  best  for  his  particular  apphcation.  For  example, 
in  systems  employing  vacuum  tube  converters  it  is  customary  to  adjust  the 
TR  box  for  a  low^-level  loss  of  1  db  or  somewhat  less  since  receiver  protection 
is  of  minor  interest  while  in  systems  employing  crj^stal  converters  it  is  cus- 
tomary to  fix  the  low-level  loss  at  1.5  db  or  sometimes  as  high  as  2.0  db. 
Certain  cavities,  notably  the  one  shown  in  Fig.  5,  have  to  be  designed  to 
have  an  extended  tuning  range,  in  this  case  achieved  by  a  piston  tuner  with, 
however,  some  loss  in  Q,  while  other  cavities,  the  one  show^n  in  Fig.  11  being 
typical,  do  not  require  this  same  tuning  range  and  a  different  tuning  mecha- 
nism (in  this  case,  tuning  plugs)  can  be  employed. 

An  extreme  example,  illustrating  the  advantages  to  the  system  designer 

*  W.  Wilson,  "A  New  Type  of  High-Power  Tube,"  B.  S.  T.  J.,  vol.  1,  p.  4,  July  1922. 
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of  the  external  cavity  type  of  tube,  is  that  of  certain  radar  systems  which 
were  required  to  be  capable  of  receiving  signals  on  occasion  at  a  frequency 
differing  from  their  normal  tuning.  This  was  done  by  a  solenoid-operated 
plunger  which  could  be  preset  to  alter  the  tuning  of  the  cavity  by  the  de- 
sired amount  whenever  the  solenoid  was  energized. 

The  Tube  Design 

The  702A  and  709A  vacuum  tubes,  as  previously  mentioned,  were  put 
into  service  with  little  or  no  consideration  of  their  real  suitability.  With 
these  stop-gap  designs  in  production  the  basic  design  problem  was  given 
serious  consideration,  with  separate  studies  being  made  of  the  mechanical 
design  considerations  as  they  relate  to  the  size  and  shape  of  the  discs  and 
glass  of  the  tube,  and  of  the  gas  filling. 

The  exact  shape  of  the  disc  is  determined  first  by  the  total  tuning  range 
which  is  to  be  required  of  the  tube,  and  second  by  the  necessity  for  main- 
taining the  Q  of  the  structure  as  high  as  possible.  It  has  been  shown  that 
in  a  spherical  resonator  with  coaxial  cones  the  maximum  Q  occurs  when 
the  cone  half-angle  is  nine  degrees.  The  copper-disc  tube  can  only  roughly 
approximate  the  ideal  spherical  resonator;  nevertheless  it  appears  desirable 
to  use  cones  of  this  angle.  The  disc  spacings  and  diameters  are  so  chosen 
that  the  tube  resonates  at  the  shortest  wavelength  at  which  it  is  to  be  used 
in  a  "square"  cavity;  i.e.,  one  in  which  the  inside  diameter  approximately 
equals  the  height.  Such  a  cavity  is  about  the  closest  practical  approach  to 
a  sphere.  The  glass  diameter  is  made  as  large  as  mechanical  considerations 
permit  so  it  is  as  far  as  possible  removed  from  the  region  of  high  electric 
field  intensity. 

The  experimental  results  of  Fig.  24,  previously  noted,  indicate  that  the 
leakage  power  of  a  TR  box  decreases  as  the  gap  spacing  decreases;  thus  one 
is  tempted  to  make  the  gap  extremely  small.  Too  small  a  gap  is  very 
troublesome,  however,  since  such  a  gap  has  an  unreasonably  rapid  variation 
of  resonant  frequency  with  gap  separation,  making  the  tuning  extremely 
subject  to  change  as  a  result  of  dimensional  variations  due  to  processing  or 
to  temperature  changes.  Accordingly  one  chooses  a  compromise  gap  separa- 
tion. The  electrode  radius  at  the  gap  must  be  large  enough  to  permit  the 
radio  frequency  glow  discharge  to  dissipate  the  required  power  without  ex- 
cessive spreading,  and  must  be  determined  by  experiment. 

Rather  than  attempting  to  hold  all  of  the  mechanical  variations  in  the  tube 
(including  glass  thickness)  to  the  necessary  tolerances  to  insure  the  desired 
uniformity  in  tuning,  the  tubes  are  pretuned  before  exhaust  by  deforming 
the  copper  discs.  The  tubes  are  placed  in  a  special  cavity  and  tlie  disc 
inside  the  envelope  distorted  by  a  tool  until  resonance  is  obtained  at  a  speci- 
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fied  frequency.     It  is  quite  easy  to  tune  tubes  in  this  way  so  that  they  are 
uniform  to  within  ±  0.25%. 

Unless  the  tube  is  properly  designed,  changes  in  ambient  temperature  may 
seriously  afifect  its  resonant  frequency.  The  part  of  the  disc  which  is  inside 
the  glass  envelope  may  be  considered  as  a  diaphragm  supported  around  its 
periphery  by  the  glass  which  has  a  temperature  coefficient  of  expansion 
negligibly  small  compared  to  that  of  the  copper.  An  increase  in  tempera- 
ture, which  causes  the  copper  to  expand,  will  force  the  cone  tip  to  move 
toward  or  away  from  the  gap,  depending  on  the  initial  slope  of  the  nearly 
flat  portion  of  the  disc.  The  temperature  coeflBcient  of  frequency  may  be 
either  positive  or  negative,  and  will  have  extreme  variations  in  magnitude 
from  tube  to  tube  if  consideration  is  not  given  in  disc  design  to  avoid 
such  diflficulties. 

A  cavity  made  wholly  of  copper  will  have  a  fractional  change  in  wave- 
length with  temperature  the  same  as  the  fractional  change  in  length  of 
copper  (approximately  fourteen  parts  in  a  million  per  degree  centigrade). 
As  the  temperature  increases,  the  frequency  decreases.  At  a  frequency  of 
1000  mc,  the  approximate  temperature  coefficient  of  frequency  is  —.014 
megacycles  per  degree  centigrade;  at  3000  mc  it  is  —.042  mc/°C;  and  at 
10,000  mc  it  is  —.14  mc/°C.  Magnetrons  normally  have  temperature 
coefficients  of  about  these  magnitudes.  The  ideal  TR  tube  would  have  the 
same  coefficient  as  the  magnetron;  practically  speaking,  any  coefficient  be- 
tween zero  and  twice  the  value  for  copper  is  satisfactory. 

It  is  practical  to  make  a  copper  disc  structure  which  has  the  required  tem- 
perature coefficient.  Fig.  H,  which  is  a  cross-section  of  a  721A  tube,  shows 
how  temperature  compensation  within  the  tube  is  effected.  The  disc  is 
slanted  away  from  the  center  portion  of  the  tube,  so  that  as  temperature 
rises  the  cone  is  carried  away  from  the  gap.  At  the  same  time  the  cone 
itself  expands;  the  net  effect  is  to  increase  the  gap  between  the  two  cone 
tips.  The  angle  of  the  slanted  part  of  the  disc  must  be  such  that  the  gap 
increases  with  temperature  at  the  same  rate  that  it  would  in  an  all-copper 
cavity.  If  this  condition  is  fulfilled,  the  net  result  of  the  expansion  of  all 
the  tube  parts,  and  of  the  cavity  itself,  will  be  the  same  as  if  it  were  all  made 
of  copper.  This  result  is  achieved  by  an  experimental  series  of  successive 
approximations.  A  number  of  models  are  built  until  the  angles  are  found 
which  give  the  desired  temperature  coefficient  of  frequency. 

The  gas  content  of  the  tube  was  the  subject  of  considerable  study.  As 
stated  in  the  section  on  Recovery  Time,  gases  which  readily  form  negative 
ions  are  invariably  the  most  satisfactory  from  that  viewpoint.  Gases  of 
low  ionization  voltage,  such  as  the  rare  gases,  give  excellent  protection  but 
usually  have  extremely  poor  recovery.  The  choice  of  a  TR  gas  must  of 
necessity  be  a  compromise  between  the  two  requirements.     Some  otherwise 
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satisfactory  gases  are  not  useful  because  of  other  characteristics.  HCl  is 
an  excellent  TR  gas,  but  is  very  corrosive.  Freon,  a  common  refrigerant, 
is  excellent  but  is  unstable.  In  general,  no  gas  which  contains  a  solid  ele- 
mentary constituent  is  a  satisfactory  TR  gas.  The  most  satisfactory  gas 
found  was  water  vapor.  It  is  cheap,  stable,  and  easy  to  handle.  Water 
vapor  alone  is  not  safe  to  use  at  a  low  temperature,  so  a  small  amount  of 
hydrogen  is  added  to  ensure  adequate  protection  when  the  water  vapor  is 
frozen  out. 


POSITION  OF   CONE    AT 
ELEVATED   TEMPERATURE 
ED) 


Fig.  33— Cross  section  of  a  721A  TR  Tube,  showing  the  special  shape  of  the  temperature 

compensated  discs 

The  life  of  a  TR  box  is  in  general  determined  by  the  gas  volume.  The 
radio-frequency  discharge  consumes  no  gas  except  at  extremely  high  power 
levels;  the  igniter  discharge  accounts  for  the  greater  part  of  the  loss  of  the 
gas  initially  placed  in  the  tube.  Reduction  of  the  water  vapor  to  hydrogen 
by  formation  of  copper  oxide  on  copper  parts  of  the  tube  seems  to  be  the 
principal  process  which  goes  on.  This  change  results  in  no  change  in  total 
pressure  until  the  water  vapor  is  exhausted;  thereafter  sputtering  becomes 
more  important  and  accounts  for  a  fairly  rapid  hydrogen  clean-up.  The 
life  of  a  TR  tube  is  determined  by  the  igniter  current,  which  is  maintained 
at  a  value  as  small  as  possible  consistent  with  adequate  spike  protection,  and 
by  the  volume  of  the  tube. 
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The  lack  of  water  vapor  in  a  tube  which  has  been  operated  for  some 
hundreds  of  hours  may  manifest  itself  by  a  failure  in  either  protection  or 
recover)'  time.  The  operating  frequency  determines  which  failure  becomes 
important  first;  at  long  wavelength  it  is  likely  to  be  recovery,  while  at  shorter 
wavelength  the  spike  protection  is  likely  to  fail  first. 

The  life  of  a  TR  tube  operated  without  igniter  is  ver>'  much  longer.  This 
may  be  understood  from  the  picture  given  above  under  "recovery,"  of  the 
state  of  affairs  existing  in  the  radio-frequency  discharge.  Electrons  do  not 
completely  traverse  the  gap,  but  oscillate  about  some  mean  position,  while 
the  positive  ions  hardly  move  at  all.  Thus  there  is  little  more  interaction 
between  the  metal  electrodes  and  the  gas  molecules  with  the  R.F.  discharge 
on  than  with  it  ofif.  A  few  721A's  have  been  operated  without  igniter  for 
as  long  as  5000  hours  with  no  measurable  change  in  either  protection  or  re- 
covery. This  experiment  was  done  at  a  transmitter  power  level  of  250  kw. 
peak  power.  The  best  life  that  can  be  expected  with  the  igniter  operating 
at  100  microamperes  is  500  hours,  at  which  time  the  recovery  time  is  badly 
deteriorated.  In  order  to  maximize  the  life  of  the  tube,  the  initial  gas  filling 
consists  of  a  minimum  amount  of  hydrogen  and  as  much  water  vapor  as 
may  be  introduced  without  causing  excessive  leakage  power  (see  Figs.  20 
and  23). 

Manufacturing  and  Testing 

Some  interesting  problems  occur  in  the  manufacture  of  copper-disc  seal 
TR  tubes  which  are  quite  different  from  those  encountered  in  the  construc- 
tion of  more  conventional  tubes.  The  copper-disc  seals  are  usually  made  by 
high-frequency  induction  heating.  Close  control  of  the  spacing  between 
discs  must  be  maintained  during  the  bulb-making  operation  in  which  the 
discs  are  fused  to  the  glass  parts  of  the  tube.  One  way  of  accomplishing 
this  is  shown  in  Fig.  34,  which  depicts  a  machine  setup  for  making  the  724B 
TR  tube.  The  parts  are  held  by  lavite  forms  which  support  and  locate  them 
during  the  bulb-making  process.  The  seal  is  made  possible  by  a  correct 
choice  of  copper  thickness.  The  copper  disc  is  stressed  due  to  forces  set  up 
by  the  different  expansion  coefficients  of  the  glass  and  the  copper,  and  if  too 
thick  will  pull  the  seal  apart.  If  too  thin,  the  copper  itself  will  tear.  Never- 
theless, a  properly  designed  copper-disc  seal  is  ver}'  strong;  the  copper-disc 
seal  TR  tubes  will  pass  the  JANl-a*  mechanical  and  thermal  shock  tests  for 
glass  tubes  without  any  difficulty. 

The  electrical  pretuning  operation,  referred  to  earlier,  comes  right  in  the 
middle  of  the  manufacturing  process.  Before  the  igniter  is  sealed  in,  the 
bulb  is  placed  in  a  special  pretuning  cavity.     The  setup  includes  an  oscillator 

*  Joint  Army-Navy  Specification  for  elev.'tron  tubes. 
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of  appropriate  frequency  range,  a  wavemeter,  and  some  device  for  indicating 
resonance.  The  part  inside  the  glass  of  one  of  the  copper  discs  is  bent,  by- 
gentle  tapping,  until  the  resonant  frequency  of  the  bulb  in  the  special  cavity 
is  within  the  required  tolerance  (which  may  be  as  small  as  0.25%)  of  the 
pretuning  frequency. 

No  heat  treatment  of  any  kind  is  used  in  the  pumping  of  TR  tubes.  It 
is  obviously  unnecessary  to  subject  the  tubes  to  the  usual  baking,  the  princi- 
pal purpose  of  which  is  to  remove  water  vapor  tilm  from  the  tube  parts.     On 


iMg.  35 — Pump  Station  for  the   724B   Vacuum   Tube 

the  contrar}',  it  is  difficult  to  control  the  water  vapor  pressure  in  tubes  which 
have  been  baked  as  the  parts  absorb  a  surprising  quantity  of  water.  The 
tubes  are  filled  to  fairly  high  pressure,  so  a  diffusion  pump  is  not  necessary. 
Fig.  35  shows  a  pump  station  used  in  production  of  the  724B. 

The  test  procedure  for  TR  tubes  must  verify  that  each  individual  tube 
will  fulfill  its  fourfold  function  of  protecting  the  crystal,  of  recovering  rapidly, 
and  of  introducing  neither  excessive  high-level  loss  nor  excessive  low-level 
loss.  The  tuning  of  each  tube  must  be  verified,  and  it  must  pass  mechanical 
and  dimensional  tests.  Fortunately  a  tube  which  is  otherwise  sound  will 
never  introduce  excessive  high-level  loss,  so  no  specific  test  is  required. 

The  protection  test  may  be  made  either  with  a  c-w-  oscillator  of  suffi- 
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ciently  high  level  to  ionize  the  TR  tube  gap,  or  with  a  magnetron  in  the 
equivalent  of  a  radar  microwave  head.  The  high-level  test  bench  used  for 
the  724B  is  shown  in  Fig.  36.  This  bench  uses  a  radar  microwave  head 
litted  to  special  plumbing.  In  either  case,  the  leakage  power  is  measured  at 
a  specified  R.F.  level.  For  production  testing,  an  actual  measurement  of 
recover}'  time  is  not  used.     Instead  a  test  which  measures  the  quantity  of 


Fig.  36 — High  Level  Test  liciiLh  lur  the  724B  Vacuum  Tube 

water  vapor  in  the  tube  in  a  relative  way  has  been  developed.  This  test 
involves  touching  some  part  of  the  tube  envelope  with  a  piece  of  carbon 
dio.xide  ice,  so  that  most  of  the  water  vapor  is  frozen  out  forming  a  small 
spot  of  ice  on  the  inside  of  the  tube.  Only  the  hydrogen  remains,  and  the  re- 
sulting change  in  either  the  leakage  power  or  the  igniter  arc  drop  is  indicative 
of  the  quantity  of  hydrogen  and  of  water  vapor  in  the  tube.  Careful  correla- 
tion must  be  made  between  this  simple  dry-ice  test  and  absolute  recovery- 
time  measurements;  experience  has  shown  the  dry-ice  test  to  be  reliable 
and  in  the  hands  of  a  skilled  operator  very  informative. 

Low-level  loss  and  tuning  are  checked  at  such  low  level  that  the  gas  does 
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not  ionize  in  a  cavity  of  restricted  tuning  range.  Every  tube  must  resonate 
within  the  range  of  the  tuning  adjustment,  and  the  transmission  loss  through 
the  test  cavity  must  not  be  excessive. 

Two  additional  tests  are  made  at  the  time  the  d-c  igniter  characteristics 
are  checked.  One,  igniter  interaction,  is  important  in  the  721  A,  the  10 
cm.  TR  tube.  This  tube  has  rather  large  openings  in  its  cone  tips,  so  that 
if  the  igniter  electrode  is  sealed  in  too  close  to  the  cone  tip,  the  glow  discharge 
which  surrounds  it  may  extend  out  into  the  gap.  Such  a  defective  tube  will 
show  igniter  interaction;  the  low-level  loss  through  it  will  be  more  when  the 
igniter  arc  is  on  than  when  it  is  off.     Normal  tubes  do  not  show  this  effect. 

The  724B  3  cm.  TR  tube  has  such  a  tiny  opening  in  its  cone  tip  that 
igniter  interaction  does  not  occur.  The  tube  is  more  subject  to  igniter  os- 
cillations, perhaps  because  it  is  filled  to  a  higher  gas  pressure.  The  conse- 
quences of  these  oscillations  was  explained  in  the  section  on  The  Spike. 
Igniter  oscillations  are  usually  due  to  an  improper  gas  filling,  and  are  de- 
tected by  means  of  a  cathode  ray  oscilloscope. 

The  above  tests  are  made  on  each  tube  as  it  comes  off  the  production  line. 
Some  additional  tests  are  made  on  selected  samples  to  insure  that  the  quaUty 
is  being  maintained.  Selected  tubes  are  subjected  to  mechanical  shock 
tests  and  to  temperature  variation  tests  to  verify  both  their  resistance  to 
thermal  changes  and  that  their  temperature  coefficient  of  frequency  is  not 
excessive.  Absolute  recovery  time,  Q,  and  leakage  power  tests  are  made 
on  these  tubes,  and  some  are  set  aside  for  life  testing.  By  all  these  tests 
the  important  electrical  properties  of  the  tube  are  under  constant  scrutiny 
and  the  danger  of  shipping  defective  tubes  is  minimized.  The  importance 
of  adequate  testing  can  hardly  be  over-emphasized,  as  a  defective  TR  tube 
may  render  a  whole  radar  system  inoperative. 
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ment of  improved  test  methods.  The  magnificent  production  job  done  by 
the  Western  Electric  Company  and  by  other  manufacturers,  particularly 
by  the  Sylvania  Electric  Products  Inc.  in  making  these  tubes  available  to 
the  armed  services  also  deserves  mention.  Perhaps  the  final  mention  should 
go  to  the  many  circuit  design  engineers  both  within  the  Bell  Laboratories 
and  elsewhere  who  handled  the  many  difficult  problems  relating  to  the  design 
and  use  of  TR  cavities  in  actual  radar  systems. 

APPENDIX  A 

Analysis  of  the  Idealized  TR  Box 
Schelkunoff  has  shown*  that  the  impedance  of  a  resonant  cavity  can  be 
represented  in  terms  of  its  resonant  frequencies  as 

Z  =  Z  -. —^ r  (1) 

or  in  the  vicinity  of  any  single  resonance  as 

Z  =  Z,-\-  -. ^ .  (2) 

.   /  W     _    (Jin\    _| J_ 

^W  0,)^    Qn 

Under  most  conditions  the  Zi  term  is  negligibly  small.  We  are  therefore 
justified  in  thinking  of  the  generalized  resonant  cavity  used  as  a  TR  switch 
as  a  shunt  resonant  circuit  to  which  are  coupled  input  and  output  circuits. 
For  the  moment  we  will  consider  (1)  that  these  external  circuits  are  resistive 
only,  (2)  that  the  Zi  in  equation  (2)  is  zero;  and  (3)  we  will  restrict  the  analy- 
sis to  the  in  tune  condition. 

When  the  cavity  is  excited  by  energy  supplied  from  the  input  circuit 
there  exists  in  the  cavity  a  certain  amount  of  reactive  power  which  will  be 

*  S.  A.  Schelkunoff,  "Representation  of  Impedance  Functions  in  Terms  of  Resonant 
Frequencies,"  Froc.  I.R.E.,  vol.  32,  pp.  83-90,  February  (1944). 
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designated  by  the  symbol  Po-     Of  this  power,  a  certain  fraction  5o  is  dis- 
sipated as  losses  in  the  cavity  itself  where 

6o  =  ^  .  (3) 

Vo 

The  symbol  Qo  with  the  subscript  is  further  defined  as  the  intrinsic  Q, 
that  is,  the  Q  without  external  loading,  to  differentiate  it  from  the  more 
general  Qi  which  is  the  measured  Q  when  the  cavity  is  loaded  down  by 
external  coupling.  It  should  be  noted  that  this  definition  of  5  differs  from 
the  logarithmic  decrement  by  a  factor  t. 

When  coupled  to  the  external  circuits  the  loaded  8  is  increased.  On  the 
assumption  that  the  loading  effects  of  the  input  and  output  irises  are  in- 
dependent we  can  write 

5l  =  6o  +  5i  +  52  (4) 

where  5^  is  the  loaded  5,  and  8i  and  82  are  respectively  the  input  and  output 
loadings.  Physically  the  assumption  underlying  this  expression  is  that  the 
distribution  of  electromagnetic  fields  within  the  cavity  is  not  seriously  al- 
tered by  the  input  and  output  coupling  devices.  This  assumption  should 
certainly  be  valid  as  long  as  the  absolute  values  of  the  6's  are  very  small 
compared  to  unity.  Since  the  5's  usually  encountered  are  of  the  order  of 
10~^  or  less,  the  assumption  seems  to  be  justified. 
Equation  (4)  may  be  written 

l  =  i  +  *.  +  ..  (5) 

The  values  of  81  and  62  evidently  depend  upon  the  ratio  of  the  apparent 
series  resistance  which  the  external  coupling  introduces  into  the  resonant 
cavity  to  the  effective  reactance  of  the  cavity,  that  is, 

8,  =  *^'  (6) 

where  ki  is  the  transformation  ratio  of  the  input  coupUng  device,  Ri  is  the 
resistance  of  the  input  circuit  and  X  is  the  cavity  reactance.     Similarly 

h  =  *-^' .  (7) 

The  values  of  the  5's  may  be  equally  well  considered  as  the  ratios  of  the 
coupled  conductance  to  the  shunt  susceptance  of  the  cavity  considered  as  a 
shunt  resonant  circuit  so  that  equations  (6)  and  (7)  become 
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and 


52   = 


klB 


(9) 


when  the  Jf?'s  and  X  are  replaced  by  their  reciprocals  and  transformed  from 
a  shunt  to  a  series  circuit. 

The  equivalent  circuit  is  shown  in  Fig.  37,  where  for  convenience  every- 
thing is  referred  to  the  cavity  and  the  sources  for  receiving  and  transmitting 
are  represented  by  constant  current  generators,  /  and  /„  respectively. 

The  Low-Level  Transmission.  We  are  now  in  a  position  to  express  the 
low-level  transmission  of  the  cavity.     For  this  purpose  we  will  assume  that 


T  R    CAVITY 


o 


CRITICAL    LENGTH 
OF     LINE 

Fig.  37 — Equivalent  circuit  of  a  system  referred  to  the  TR  cavity 

the  admittance  of  the  transmitting  branch  at  plane  AB  is  infinite.     The 
available  power  is  given  by 

t2 


vail 


UiB 


while  the  power  actually  going  into  the  load  is  given  by 


Pout    — 


fhB 


(10) 


(11) 


(12) 


(5o  +  5i  -f-  hY-B"- 
the  power  transmission  ratio  defined  as  T  is  given  by 

T  =  45i52 

(5o  +  5i  +  8,y ' 

One  additional  expression  is  desired.  This  is  the  ratio  of  cavity  input 
resistance  to  the  resistance  of  the  input  circuit.  This  is  evidently  the 
reciprocal  of  the  conductance  ratio  and  is  given  by 

5i 


5o  +  82 


(13) 
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The  symbol  a  is  used  to  call  attention  to  the  fact  that  the  in  tune  impedance 
ratio  is  numerically  equal  to  the  voltage  standing  wave  ratio  on  the  input 
line. 
The  low-level  behavior  of  the  cavity  is  thus  defined  by  three  equations. 

5l  =  5o  +  5i  +  52  (4) 

T  =  ^^^i^^ (12) 


5i 


6o  +  ^2 


(13) 


High-Level  Operation.  The  high-level  performance  of  the  cavity  con- 
taining a  gas  discharge  can  be  expressed  directly  in  terms  of  our  original 
definitions.  Fig.  37  still  applies,  the  transmitter  admittance  changing 
to  its  operating  value  which  is  assumed  to  be  8iB  at  the  plane  AB.  When 
the  gas  discharge  becomes  conducting,  the  switch  5  is  closed,  the  value  of 
the  reactive  power  in  the  cavity  (Po)  is  set  by  the  character  of  the  discharge 
and  the  leakage  power  is  given  by 

Pr  =  Po52.  (14) 

A  constant  value  of  Po  is  equivalent  to  a  constant  value  of  V  in  the  figure. 
The  power  dissipated  in  the  cavity  walls,  the  gas  discharge  and  in  the  out- 
put circuit  must  evidently  be  given  by 

P,  =  ^  =  {PP,8d"'  (15) 

if  F  <  <  IJ8,B. 

Of  this  power  an  amount  called  the  excitation  power 

Pe  =  Podo  (16) 

is  lost  in  the  cavity  walls.     The  net  loss  of  power  in  the  gas  discharge  is 
given  by 

P„   =    Px   -    Pr  -   Pe  (17) 

or 

P,  =  (PPo5i)''-  Po(5o  +  52).  (18) 

Since  the  last  term  is  usually  ver>'  small  compared  to  the  first  term,  we  may 
write 

P,  ^  (P  Po5i)'/'.  (19) 
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This  equation  was  used  for  plotting  Fig.  16,  where  5i  is  replaced  by  its  equiva- 
lent in  terms  of  a,  Qo  and  T. 

The  Derived  g  Parameters.     For  some  purposes  it  is  convenient  to  eliminate 
Si)  from  the  expressions  for  T  and  a.     This  may  be  done  by  defining 

5i 
gi=  ^ 

and 

5.. 
g2  =    -  . 

Introducing  these  new  parameters  the  equations  become 


(20) 


(21) 


Qi 


==  1  +  g.  +  g2  (22) 


T  =  ^^^ (23) 

(1  +  gi  +  g^y  ^^^ 


(T    — 


1  _L  (24) 

1    +   g2 
Pr    =    Pegl  (25) 

P,  =  iPP.g.V"  (26) 

The  g  parameters  are  particularly  useful  in  defining  the  behavior  of  a 
tube  and  cavity  combination  when  6o  is  a  fixed  quantity  while  the  effects  of 
changes  of  6o  are  more  clearly  shown  when  the  8  parameters  are  used.  The 
g  parameters  may  be  determined  experimentally,  using  equations  (21)  and 
(22)  without  knowing  the  value  of  5o,  that  is  of  (^o.  On  the  other  hand  the 
g's  are  altered  if  a  tube  is  replaced  by  one  giving  a  different  Q  value  while 
the  5's  are  intrinsic  properties  of  the  coupling  mechanisms  and  remain  fixed 
as  long  as  the  cavity  and  the  tube  tune  at  the  same  frequency  and  have  the 
same  effective  reactance. 

Tabulation  of  Related  Equations.  In  the  interest  of  completeness  a  num- 
ber of  the  more  important  combinations  of  the  basic  equations  are  listed  in 
Table  1.  Some  of  these  are  of  interest  for  measurement  purposes  while 
others  apply  particularly  to  actual  system  conditions. 

Off-Resonance  Analysis.  The  analysis  can  be  extended  to  predict  the 
transmission  when  the  cavity  is  detuned  from  resonance  by  introducing  the 
necessar>'  susceptance  term  in  equation  (11)  above  and  solving  for  T.  This 
gives  for  the  absolute  value  (neglecting  phase) 

T  =  ^^^ ^.  (27) 
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where  too  and  co  are  respectively  the  resonant  angular  frequency  and  the 
operating  angular  frequency. 
This  may  be  rewritten  as 

T  =  ^-^ ^,  (28) 

L'«^o        w  J 

where  Tq  is  the  in  tune  transmission  and  Ql  is  the  loaded  Q,  if  one  assumes 
that  the  5's  and  Ql  remain  unchanged  for  small  departures  from  the  resonant 
wavelength. 

The  input  impedance  of  the  cavity  in  terms  of  the  input  line  impedance 
is  then 

Z  =  — % .  (29) 


|_COo  w  J 


+  5o  +  52 


The  effect  of  other  resonant  modes  which  have  been  neglected  in  this 
analysis  may  be  included  by  the  addition  of  a  term  (cti)  in  equation  (29) 
giving 


Z  =  ai  + 


; 


Wo  I 
w  J 


(30) 


"^  ■  +  5„  +  52 

.Wo 


Equation  (30)  and  equation  (2)  are  identical  except  for  terminology. 

APPENDIX  B 
Experimental  Determination  or  "g"  Parameters  of  Windows 

The  derived  g-parameters  which  express  the  electrical  size  of  a  window 
between  a  resonant  cavity  and  a  surge  impedance  line  were  defined  in  Equa- 
tions 20  and  21  of  Appendix  A.  Numerical  values  of  these  parameters  may 
be  of  some  interest,  together  with  their  relation  to  physical  dimensions  of  the 
windows.  The  721 A  test  cavity  was  used  for  an  experimental  determina- 
tion of  the  relation  between  window  width  and  "g."  This  cavity  is  2^^ 
inches  inside  diameter,  and  is  coupled  by  means  of  windows  to  two  -^f,  diam- 
eter coaxial  Unes.  The  width  of  the  windows  may  be  adjusted  by  rotating 
the  coaxial  Unes  so  as  partially  to  close  the  openings.  The  insertion  loss 
through  the  cavity  was  measured  at  3100  mc.  by  means  of  a  superheterodyne 
receiver  which  included  a  calibrated  attenuator  in  its  intermediate  frequency 
section.  The  windows  were  carefully  maintained  geometrically  equal.  In 
this  case, 

rpll2 

S  =  2(1  -  P/2) 
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wliicli  follows  immediately  from  equation  23  of  Appendix  A  on  the  assump- 
tion that  gi  —  g2.  Fig.  38  shows  the  results;  g  proves  to  be  proportional 
to  the  fifth  power  of  the  window  width,  over  a  very  large  range  of  values 
of  g.  A  knowledge  of  this  relationship  permits  one,  with  the  aid  of  equa- 
tions 23,  24,  25,  26,  and  27  of  Appendix  A  to  calculate  the  window  size 


Fig.  38 — The  relationship  between  window  conductance  (g)  and  window  width  for  the  721A 

test  cavity 

necessary  to  give  any  desired  conditions  of  match,  insertion  loss,  and  leakage 
power. 

APPENDIX  C 

The  ATR  Box 

The  value  of  the  input  impedance  of  the  ATR  is  given  b}^  equation  29 
with  h  equal  to  zero  so  that 


Z  = 


5i 


COo 


+  h 


which  reduces  to 


(31) 


(32) 


for  the  in  tune  case.  This  impedance  is  in  series  with  the  magnetron  branch 
and  hence  restricts  the  possible  range  in  values  for  the  impedance  at  plane 
AB.  Defining  as  F  the  fraction  of  the  available  power  which  is  not  ab- 
sorbed by  the  ATR,  then  from  Fig.  39  with  the  admittance  of  the  receiver 
branch  assumed  to  be  biB, 


F  = 


(2  -f  G)\-\-  B'- 


(33) 
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Fig.  39 — Equivalent  circuit  of  a  system  including  an  .ATR 
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Fig.  40— Average  leakage  power  as  a  function  cf  repetition  rate  for  two  different  values  of 
pulse  duration  for  724B  tube 

where 


G  -jB 


1 


(34) 


(Z„.  +  Z) 

and  Z,„  is  the  impedance  of  the  transmitter  referred  to  the  cavity  and  meas- 
ured at  the  plane  CD.  The  worst  condition  will  occur  when  Z„.  =  0 
Under  these  conditions  but  assuming  that  the  ATR  is  in  tune 

4 


F  = 


(2  +  Gy-' 


(35) 
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But  now  G  is  the  reciprocal  of  the  Z  of  equation  (32)  so  that 


F  = 


45! 


[25i  +  5o]2 


(36) 


120 


< 

o 

5  80 


10. 


o 

y^  o 

Pm   =6.9W 
F  =  1000~ 

t  IN   MICROSECONDS 
Fig.  41 — Average  leakage  power  as  a  function  of  pulse  duration  for  the  724B  tube 


Fig.  42 — Average  leakage  power  as  a  function  of  average  magnetron  power  for  two  different 
values  of  pulse  duration  for  the  724B  tube 


This  equation  is  analogous  to  equation  (12)  of  Appendix  A.     At  high  levels 
the  gas  discharge  power  will  be  given  by  equation  (19)  as  for  the  TR 


\P  Po  K 


|l/2 


(19) 
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If  the  ATR  and  the  TR  are  designed  to  have  the  same  value  of  Pg  then  the 
values  of  61  and  80  must  be  the  same  so  that  a  relationship  will  exist  between 
F  and  T  given  by 

The  input  impedance  Z  to  an  ATR  adjusted  to  the  same  gas  discharge  power 
of  a  TR  with  a  transmission  of  T  is  given  by 

Z  =  j-4^  .  (38) 

APPENDIX  D 
The  Analysis  of  Leakage  Power  Data 

The  section  on  receiver  protection  described  the  three  components  of 
leakage  power  which  were  referred  to  as  spike,  flat,  and  direct  coupling. 
One  may  write  down  at  once  the  followmg  simple  expression  for  leakage 
power: 

Pfi  =  E.f  +  Prfi  +  F^To  (39) 

where  Pr  is  average  leakage  power 

Es  is  energy  in  a  single  spike 

/  is  pulse  repetition  frequency 

Pp  is  flat  power 

/  is  pulse  duration 

Pu  is  average  magnetron  power  (averaged  over  the  recurrence  period) 
and 

Td  is  direct  coupHng  insertion  loss. 
Experimental  curves  verifying  the  hnear  relationships  indicated  by  this 
simple  equation  are  shown  in  Figs.  40,  41,  and  42.     It  is  a  straightforward 
operation  to  deduce  numerical  values  for  the  three  TR  box  leakage  param- 
eters from  the  slopes  and  intercepts  of  these  cur\'es. 

Equation  (39)  was  written  on  the  assumption  that  gas-limited  flat  power 
and  direct  coupling  power  add  linearly.  If  instead  we  assume  that  a  phase 
angle  6  exists  between  the  two  currents,  we  find: 

P«  =  E.f  -f  Prft  +  ToFm  +  2VFrflTopM  cos  d  (40) 

This  of  courss  is  identical  with  equation  (39)  except  for  the  cos  d  term.  If 
cos  6  is  not  zero,  we  no  longer  expect  a  linear  variation  of  Fh  \vith  /,  /,  or 
Fm;  the  experimental  curves  demonstrate  quite  clearly  that  cos  d  must 
vanish,  hence  d  must  equal  90°. 


A  Wood  Soil  Contact  Culture  Technique  for  Laboratory  Study 
of  Wood-Destroying  Fungi,  Wood  Decay  and  Wood  Preservation 

By  JOHN  LEUTRITZ,  JR. 

Limitations  imposed  by  other  biologica!  test  methods  have  largely  been  over- 
come by  usinp  autoclaved  top  soil  for  the  substrate  and  pure  cultures  of  the  decay 
organisms.  The  use  of  soil  was  the  direct  result  of  observations  on  the  rapid 
decay  of  wood  in  contact  with  soil  in  laboratory  termite  colonies. 

Development  of  a  wood-soil  contact  culture  technique  as  a  result  cf  these 
observations  furnished  an  excellent  laboratory  tool  for  further  research  on  the 
biological  factors  promoting  and  the  preservative  compounds  proposed  for  pre- 
venting decay.  Research  on  the  factors  promoting  decay  showed  not  only  that 
the  average  top  soil  furnishes  nutrients  and  nutrilites  in  the  quantity  and  propor- 
tion highly  favorable  to  many  decay  organisms  but  also  an  effective  means  of 
regulating  the  water  content  of  wood  or  cellulose  during  the  decay  period. 

Comparisons  between  laboratory  and  field  results  showed  the  amount  of  decav 
obtained  by  the  wood  soil  contact  technique  to  be  more  rapid  and  uniform  than 
decay  in  the  field.  The  severity  of  the  exposure  in  the  laboratory  ensures  imme- 
diate eliminations  of  compounds  unworthy  of  further  more  expensive  field 
studies  and  evaluates  compounds  in  the  same  order  of  effectiveness. 

Comparisons  and  evaluation  of  wcod  and  cellulose  preservatives  plus  artificial 
weathering  cycles  followed  by  exposure  to  the  method  will  provide  valuable  infor- 
mation on  initial  toxicity  and  permanence  thereby  affording  a  sound  basis  for  the 
engineering  selection  of  preservatives  for  a  variety  of  purposes. 

LABORATORY  tests  for  evaluating  fungicides  are  often  used  as  a  means 
of  predicting  field  results  and  for  investigating  the  action  of  cellulose 
and  wood-destroying  fungi.  Of  the  several  laboratory  procedures  hitherto 
devised  for  these  purposes,  however,  none  has  been  entirely  adequate. 
This  has  led  to  incorrect  interpretation  of  laboratory  assays  of  fungicidal 
compounds,  with  attendant  misapplication  of  preservatives.  The  con- 
fusion and  misunderstanding  concerning  the  use  of  preservatives  have  been 
further  increased  by  the  misapplication  of  the  laboratory  procedures  them- 
selves. A  brief  review  and  explanation  of  some  procedures  and  their  applica- 
tion will  clarify  these  statements. 

Minute  quantities  of  toxic  agents  and  growth-promoting  substances 
which  are  not  readily  detected  by  known  chemical  analyses  may  be  deter- 
mined by  bio  assay  methods,  the  value  of  which  depends  upon  a  prior 
determination  of  the  reaction  of  one  or  more  organisms  to  known  quantities 
of  these  substances.  Another  bio  assay  is  the  so-called  "acceptance  test" 
for  fungicides,  by  which  the  fungus  resistant  qualities  of  materials  impreg- 
nated with  fungicides  may  be  determined.  Since  fungus  resistant  qualities 
are  the  primary  concern  in  such  a  test,  the  identity  and  quantity  of  the 
preservative  are  of  only  incidental  interest.  However,  the  identity,  fungus- 
proof  qualities  and  quantity  of  fungicidal  compounds  are  important  when 
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laboratory  procedures  are  devised  for  comparing  effectiveness  in  the  develop- 
ment of  different  preservatives.  In  addition,  the  cherrical  and  physical 
properties  of  the  different  preservatives  must  be  considered  for  the  deter- 
mination of  their  subsequent  behavior  when  exposed  to  a  variety  of  en- 
vironmental conditions.  Bio  assays  may  thus  be  used  for  quantitative, 
qualitative,  compara:tive,  or  predictive  purposes. 

In  order  to  survey  existing  tests,  it  may  be  helpful  to  classify  them. 
There  are  three  groups  of  rather  ill-defined  laboratory  methods  based  en  the 
nutrient  and  physical  properties  of  the  substrate.  The  first  group  is  com- 
prised of  those  methods  in  which  an  agar  or  similar  base  is  used.  \'arious 
nutrients  or  nutrilites*  may  be  added  to  this  base',  and  prior  to  inoculation 
with  one  or  more  fungi  the  preservative  may  also  be  added.  This  group 
includes  the  standard  petri  dish  test  described  by  Richards-,  1923,  which 
has  had  extensive  use  in  the  field  of  wood  preservation.  The  carbohydrate 
source  in  the  standard  petri  dish  method  was  malt  sugar.  Later,  in  response 
to  the  requests  by  industry,  Richards  attempted  to  substitute  wood  flour 
as  the  nutrient.  However,  the  radial  fungus  growth  used  as  the  criterion 
of  toxicity  was  very  sparse  and  thin  and  the  substitution  of  wood  flour  for 
sugar  was  discarded.  It  is  of  interest  to  record  here  that  Richards  also 
summarized  the  previous  work  on  toximetric  tests  of  wood  preservatives. 

The  second  group  includes  those  methods  in  which  the  preservative  is 
added  directly  to  a  cellulose  material  before  exposure  to  organisms.  The 
preserved  material  may  be  the  only  source  of  nutrient  for  the  fungi,  or  a 
piece  of  similar  untreated  material  may  be  provided.  Such  a  method  is 
described  in  a  paper  by  Waterman,  Leutritz  and  HilP,  1938.  No  agar  is 
used,  and  the  untreated  wood  is  supported  over  water  by  mechanical  means. 
When  agar  is  used  to  support  the  preserved  material  and  to  supply  water, 
nutrients,  nutrilites  or  combinations  of  each  of  these  may  be  added  to  the 
agar.  This  may  be  done  in  several  ways,  among  which  are  the  kolle  flask 
method  for  wood  preservatives  described  by  Falck',  1927,  the  standard 
method  of  the  American  Society  for  Testing  Materials  for  testing  fabiics^, 
1942,  and  the  present  Signal  Corps  test  of  fungicidal  coatings",  1943.  Of 
these,  the  first  two  methods  are  used  chiefly  as  "acceptance"  tests  by  de- 
termining the  fungus  proof  qualities  of  fungicidally  treated  wood  and  fabrics. 
They  are  also  used  in  development  work  for  comparison  and  for  predicting 
the  field  behavior  of  preservatives  when  supplemented  by  artificial  weather- 
ing cycles.  The  Signal  Corps  test  is  used  as  an  acceptance  test  of  fungi- 
cidal coatings  which  are  sprayed  on  electical  equipment.  Since  the  criterion 
is  the  inhibition  of  fungus  growth  at  some  distance  from  a  pa!)er  impreg- 

*  Nutrients  here  include  the  sugars  and  compounds  used  l)y  the  fungi  foi  food  purjioscs, 
and  nutrilites  will  be  referred  to  in  this  pa[)er  as  those  compounds  necessary  to  fungus 
nutrition,  such  as  vitamins,  growth  sut)stances  and  minerals,  Williams,  R.  J.,  1928.  (See 
Bibliography  at  end  of  this  paper.) 
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nated  with  the  fungicidal  coating  it  is  fundamentally  a  quantitative  measure 
of  the  amount  of  fungicide  which  diffuses  into  the  agar  from  the  impregnated 
paper  specimen. 

A  third  group  of  test  procedures  employs  soil  or  soil  suspension  in  con- 
junction with  the  preservative  materials.  Here  the  soil  furnishes  an  active 
microbial  culture  and  supplementary  nutrients  and  nutrilites.  The  soil 
suspension  method  has  been  described  by  Furry,  and  Zametkin^,  1943,  and 
the  soil  burial  method  by  the  American  Society  for  Testing  Materials. 

The  techniques  included  in  the  first  group  are  time  saving,  permit  of 
repUcation,  and  are  readily  dupHcated  by  other  investigators.  However, 
the  results  in  the  agar-fungicide  system  do  not  apply  to  a  cellulose-fungicide 
system  and  are  therefore  a  source  of  confusion  resulting  from  their  mis- 
interpretation when  so  used.  Agar-fungicide  systems  as  originally  de- 
scribed by  Richards  are  quantitative  tests  and  have  been  used  principally 
for  comparative  toxicity  studies.  From  such  comparative  studies  attempts 
to  predict  the  behavior  of  a  preservative  in  subsequent  field  tests  have 
been  generally  unsuccessful.  Examples  of  the  discrepancies  between  the 
results  from  field  and  petri  dish  tests  will  be  discussed  later  in  this  paper. 

In  general,  the  second  group  of  methods  takes  a  longer  time,  and  replica- 
tion leaves  much  to  be  desired.  Since  the  preserved  material  is  the  same 
for  laboratory  and  field  tests,  better  agreement  between  field  and  laboratory 
results  should  be  obtained  with  the  kolle  flask-wood  block  method  and 
the  A.S.T.M.  fabric  methods.  However,  the  Signal  Corps  method  for 
testing  fungicidal  coatings  used  on  electrical  equipment  is  not  a  a  true  test 
of  the  coating  material  per  se. 

The  third  group  of  methods  introduces  a  large  number  of  variables  through 
the  use  of  soil.  Previously,  replication  of  results  and  concomitant  duplica- 
tion by  other  investigators  had  been  lacking,  due  to  microbial  activity, 
physical  properties,  nutrient  properties,  and  moisture  variations  of  the  soil. 
However,  during  experimental  work  with  termites,  the  author*  made  certain 
observations  on  the  various  factors  involved  in  the  decay  process.  These 
led  to  an  intensive  study  of  the  problem  resulting  in  the  development  of  a 
test  method  for  wood  preservatives  which  overcomes  many  of  the  limitations 
of  earlier  methods.  The  soil  burial  method  is  a  severe  test  of  fungicide 
treated  material,  and,  with  the  modification  to  be  discussed  in  this  paper, 
it  is  anticipated  that  the  variables  which  cause  non-uniformity  of  results 
can  be  eliminated.  The  method  is  also  evaluated  by  comparison  between 
the  results  obtained  in  the  laboratory  and  those  obtained  from  parallel 
field  tests. 

Rapid  decay  of  wood  in  contact  with  soil  was  obser\'ed  during  an  attempt 
to  establish  experimental  termite  colonies  in  the  laboratory  (Leutritz^, 
1939).    Instead  of  becoming  infested  by  the  termites,  nearly  all  the  blocks 
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decayed  more  rapidly  and  more  completely  than  in  any  previous  liboratory 
test.  Preliminary  experiments  were  devised  to  ascertain  the  factors  re- 
sponsible for  the  accelerated  decay  and  to  establish  optimum  conditions  for 
growth  of  fungi  in  laboratory  tests  of  wood  preservatives.  As  a  result  of 
this  exploratory  work  a  laboratoiy  technique  was  devised  which  permitted 
study  of  these  factors  and  which  offered  a  convenient  means  of  evaluating 
toxicity  and  preservative  properties  of  chemical  compounds.  Further  in- 
vestigation was  made  on  the  effect  of  nutrients  and  nutrilites  in  the  soil, 
temperature,  and  the  moisture  content  of  the  wood.  Parallel  with  this 
laboratory  investigation,  a  study  was  made  of  the  fungus  attack  on  wood 
under  climatic  conditions  very  favorable  for  decay  at  Gulf  port,  Mississippi. 

IxiTLVL  Experiments  and  Results 

As  a  preliminary  step,  the  moisture  content  of  the  soil  from  the  termite 
colonies  was  determined  by  oven-drying  100-gram  samples.  This  was  found 
to  average  22%  of  the  oven-dry  weight  of  the  soil.  Tests  with  several  soils 
showed  that  approximately  the  same  moisture  content  could  be  obtained  by 
merely  adding  to  dry  soil  just  enough  water  to  make  the  mixture  cohere  when 
squeezed  in  the  hand. 

A  one-hundred-gram  sample  of  moist  soil  was  placed  in  each  of  24  large- 
mouthed,  eight-ounce,  screw-capped  bottles  (12  cm.  high  and  6  cm.  in 
diameter).  A  weighed  oven-dry  block  of  southern  pine  sapwood,  2x2x2 
cm.,  was  pushed  to  a  depth  of  about  2  cm.  into  the  soil  in  each  bottle.  The 
caps  were  put  on,  and  the  preparations  were  sterilized  for  30  minutes  at  15 
pounds'  pressure  in  an  autoclave.  After  cooling,  the  block  in  each  of  twelve 
of  the  bottles  was  inoculated  with  a  pure  culture  of  one  of  seven  common 
wood-destorying  fungi — Lentinus  lepideus,  Fomes  rosetis,  Poria  microspora* 
Polyporus  vaporarius,  Coniophora  cercbella,  Poria  incrassala,  and  Lenzites 
irabea.  Twelve  bottles,  not  inoculated,  were  used  for  moisture  determina- 
tions. 

The  bottles  were  then  placed  in  an  incubator  maintained  at  26°-28°C. 
At  the  end  of  each  month  three  of  the  bottles  inoculated  with  each  fungus 
were  taken  from  the  incubator.  Each  block  was  removed  from  the  soil  and 
weighed  immediately;  it  was  then  allowed  to  dry  in  an  oven  at  105''-110°C. 
to  a  constant  weight.  The  average  percentage  loss  in  dry  weight  due  to 
decay  was  calculated.  The  results,  recorded  in  Fig.  1,  show  that  the  very 
rapid  decay  of  wooden  blocks  in  contact  with  the  soil  is  not  the  result  of  any 
one  particularly  active  fungus.  Each  of  the  seven  species  produced  ex- 
ceedingly rapid  decay  under  the  conditions  of  the  soil  assay. 

♦This  fungus  was  designated  BTL  U-10  until  recently  identified  as  Poria  microspora 
by  Miss  Mildred  K.  Nobles,  Dcpt.  of  Agriculture,  Ottawa,  Canada,  19-13.  (See  Bibliog- 
graphy  at  end  of  paper.) 
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Fig.  1 — Wood  soil  contact  technique 
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For  comparison,  a  similar  test  was  made  according;  to  the  method  de- 
scribed by  Waterman,  Lcutritz,  and  Hiir\  1938,  in  which  the  test  blocks  are 
placed  on  inoculated  sapwood  slabs  supported  over  water  in  capped  wide- 
mouthed  bottles.  Comparison  of  the  average  percent  weight  loss  due  to 
decay  for  all  organisms  by  both  methods,  I'ig.  2,  shows  that  the  water-wood 
method  is  far  less  efTcctive  in  producing  decay  than  the  soil  method. 
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Fig.  2 — Comparison  of  average  weight  loss  and  final  moisture  content  by  wood-water 

and  wood-soil  techniques 

An  additional  experiment  was  conducted  with  several  strains  of  two  of 
the  fungi  previously  used,  Coniophora  cerebella  and  Lciiliiius  Icpideus.  The 
Coniophora  cerebella  strains  were  as  follows: 

Baarn,  from  Dr.  Johanna  Westerdyjk,   Holland 

Liese,  from  Dr.  Liese,  Germany 

Idaweiche,  from  Dr.  Idaweiche,  Germany 

Madison,  from  Forest  Products  Laboratory,  Madison,  Wisconsin,  iso- 
lated from  oak,  November  13,  1919 

BTL,  also  from  Forest  Products  Laboratory,  Madison,  Wisconsin,  1930 
The  Lenlimis  lepideus  strains  were  from  the  following  sources: 

No.  534,  from  Forest  Products  Laboratory,  Madison  (No.  534) 

BTL  U-1,  U-13,  U-14,  and  U-32,  from  creosoted  pine  telephone  poles 
which  had  failed  in  service 
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Gulfport,  from  a  test  post  in  Gulfport,  Mississippi,  used  for  our  assay 

work 
The  results  of  the  assay  with  these  strains  of  Coniophora  cerebella  and  Lenli- 
nus  lepideus  showed  the  average  weight  loss  in  percent  due  to  decay  to  be 
32.0  and  27.3  percent  respectively  which  was  as  great  as  that  in  the  previous 
soil  tests  with  the  single  representative  of  these  species.  A  greater  anwunt 
of  decay  was  obtained  with  one  strain  of  Coniophora  cerebella  due  to  a  slight 
change  in  technique,  i.e.,  the  fungus  was  first  established  on  small  slabs  of 
southern  pine  sapwood,  and  then  sterile  oven-dry  blocks  were  dropped  on 
the  vigorously  growing  fungus.  The  large  amount  of  decay  (60%)  which 
resulted  led  to  the  adoption  of  this  modification  in  all  subsequent  tests. 

The  foregoing  tests  may  be  regarded  as  supporting  the  use  of  the  criteria 
previously  employed  in  the  selection  of  fungi  for  laboratory  tests — namely, 
their  occurrence  as  saprophytes  of  wood,  their  isolation  from  service  ma- 
terials for  example,  pine  telephone  poles  or  tests  posts,  and  their  demon- 
strated ability  to  bring  about  decay  of  wood  in  the  laboratory. 

As  a  result  of  these  preliminary  experiments,  the  use  of  soil  as  the  medium 
in  testing  procedure  was  adopted. 

Soil  Contact  Technique 

On  the  basis  of  the  foregoing  experiments  and  in  view  of  the  rapidity  of 
the  decay  occurring  on  test  blocks  in  the  soil-contact  test,  the  following 
method  is  described  as  a  means  of  evaluating  the  effectiveness  of  preserva- 
tives or  toxic  materials  which  are  recommended  for  the  protection  of  wood 
or  other  cellulosic  materials.  The  method  may  also  be  used  to  study  en- 
vironmental factors  which  affect  decay  or  it  may  be  adapted  to  the  study  of 
fungi  other  than  the  wood-destroying  fungi  of  the  Basidiomycetes. 

Ordinary  top  soil,  such  'as  a  florist  would  use  for  potted  plants,  is  satis- 
factory for  the  test.  While  experience  has  shown  that  top  soil  from  a 
number  of  different  sources  may  be  used  without  materially  affecting  the 
results,  standardization  would  be  desirable.  Therefore  the  term  "soil" 
will  be  defined  as  a  sandy  loam  type  which  contains  4-6  percent  of  organic 
matter  and  a  pH  originally  between  5-7.  The  soil  is  passed  through  a 
coarse-mesh  screen  to  remove  rubble,  stones  and  other  debris;  this  is  most 
easily  accomplished  when  the  soil  is  dry.  The  screened  soil  is  moistened 
with  just  enough  water  to  effect  cohesion  into  a  soft  ball  when  squeezed  in  the 
hand,  and  a  check  may  then  be  made  by  determining  the  moisture  content 
of  the  soil.  When  prepared  in  this  manner  the  moisture  content  of  the  soil 
should  be  20-25%  on  an  oven-dry  weight  basis.  In  an  alternative  procedure, 
the  moisture  content  of  the  dry  soil  is  ascertained  and  then  sufficient  water  is 
added  to  give  a  moisture  content  of  20-25%. 

Bottles,  12  cm.  high  and  6  cm.  in  diameter,  are  half  filled  (60-100  grams) 
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with  the  moistened  soil.  Two  pieces  of  southern  pine  sapwood  "feeder 
strips"  (3.5  X  2.0  x  0.3  cm.)  arc  placed  on  the  soil  in  each  bottle,  Fig.  3. 
The  bottles  are  closed  tightly  with  screw  caps  and  then  autoclaved  for  30 
minutes  at  15  pounds'  pressure.  When  the  bottles  have  cooled,  a  small 
inoculum  (a  few  millimeters  square)  cut  from  a  pure  culture  of  a  suitable 
wood-destroying  fungus  is  placed  on  the  sapwood  substrate.  Each  bottle 
contains  a  single  dominant  fungus  culture.  It  is  best  to  use  at  least  four  to 
eight  selected  species  of  fungi  for  an  assay.  The  bottles  are  again  capped 
and  placed  in  an  incubator,  or  a  controlled  temperature  room,  held  at  26°- 
28°C.,  for  at  least  one  month.    Any  contaminated  or  weak  cultures  are 
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Fig.  3 — Schematic  diagram  of  wood  soil  contact  method 


discarded.  This  completes  the  preparation  of  the  pure  fungus  cultures, 
Fig.  4,  and  they  are  n6w  ready  to  receive  the  test  blocks. 

To  each  bottle  containing  a  culture  established  on  sapwood  substrate 
are  added  an  untreated  control  block  and  a  block  treated  with  a  preserva- 
tive according  to  the  following  method: 

The  required  number  of  f "  cubes  of  sapwood  blocks  are  placed  in  a  humid- 
ity chamber  at  30°C.  and  76%  relative  humidity  until  the  blocks  have 
reached  a  constant  weight.  Then  the  necessary  number  of  weighed  blocks, 
weighted  to  ensure  immersion,  are  placed  in  a  container  of  convenient  size 
under  a  bell  jar  fitted  with  a  separatory  funnel.  After  evacuation  of  the 
bell  jar  to  a  pressure  not  greater  than  2  cm.  as  measured  by  a  mercury  man- 
ometer, the  vacuum  is  held  for  5  minutes.  The  stopcock  in  the  pump  line 
is  then  closed,  and  sufl&cient  solution  is  admitted  from  the  separatory  funnel 
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Fig.  4 — Pure  fungus  culture  cf  Poria  incrassata 
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to  submerge  the  blocks  completely  when  the  air  is  admitted.  Alter  re- 
maining in  the  solution  for  5  minutes,  the  blocks  are  wiped  superficially  and 
and  weighed.  This  treated  weight  is  used  for  calculation  of  the  theoretical 
retention  according  to  the  following  formula: 

^       GC(62.4) 

in  which  R*  =  pounds  of  preservative  per  cubic  foot  of  wood,  G  =  gain  in 
weight  in  grams,  C=  grams  of  the  preservative  in  100  grams  of  solution,  and 
Y  =  volume  of  the  test  piece  in  cubic  centimeters.  When  the  solvent  has 
evaporated  from  the  blocks,  they  are  placed  on  racks,  returned  to  the 
humidity  chamber  and  brought  to  constant  weight.  The  difference  be- 
tween the  humidity  weights  before  and  after  treatment  serves  as  the  basis 
for  calculating  the  actual  retention,  and  the  final  equilibrium  weight  is  used 
also  as  the  initial  weight  of  the  treated  block  before  exposure  to  the  fungus. 

The  cross-section  side  of  the  blocks  is  placed  in  contact  with  the  vigor- 
ously growing  mycelia  of  the  sapwood  culture  which  in  turn  is  in  contact 
with  the  soil.  For  each  concentration  of  preservative,  three  treated  blocks 
and  three  untreated  control  blocks  are  exposed  to  each  species  of  fungus. 
The  bottles  are  recapped  and  place  in  an  incubator  or  constant  temperature 
room  at  26°-28°  C.  with  a  relative  humidity  of  85-95%. 

Exposure  of  the  blocks  to  the  fungus  for  from  twelve  to  twenty-four  weeks 
gives  satisfactory-  results.  If  a  sufficient  number  of  treated  specimens 
is  exposed  to  the  same  organism,  one  or  two  specimens  may  be  removed 
at  the  end  of  twelve  weeks;  and  if  considerable  decay  has  taken  place, 
the  test  may  be  concluded.  At  the  end  of  the  exposure  period  the  blocks 
are  brushed  free  of  mycelia  and  imm.ediately  weighed  to  determine  their 
moisture  content.  The  blocks  are  then  allowed  to  stand  in  the  room  until 
dry,  after  which  they  are  again  transferred  to  the  humid  chamber  (tem- 
perature 30°C.,  relative  humidity  76%)  for  two-three  days  until  a  con- 
stant weight  is  attained. 

In  the  toxicity  work  reported  in  this  paper  an  untreated  reference  block 
was  added  to  each  test  bottle.  If  a  large  number  of  assays  are  contemplated, 
the  number  of  weighings  may  be  reduced  by  eliminating  the  untreated 
blocks  except  for  occasional  reference  purposes.  The  reduction  in  the  num- 
ber of  reference  blocks  may  be  accomplished  by  establishing  a  decay  norm 
for  each  test  organism.  This  norm  would  be  based  on  data  similar  to  that 
used  in  Fig.  1  except  that  the  procedure  would  be  the  same  as  that  described 
for  treated  blocks.     Comparison  of  the  percentage  weight  loss  due  to  decay 

Kilograms 
*  To  express  the  retention  metrically  R  X  16.018  —    ^^j^j^  meter 
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of  the  norm  with  the  percentage  weight  loss  due  to  decay  of  the  test  block 
may  be  used  as  a  measure  of  the  effectiveness  of  the  preservative  or  toxic 
material.  An  index  of  the  value  of  a  preservative  treatment  may  be  ob- 
tained from  the  following  computation: 

%  loss  of  norm  -  %  loss  of  treated  block       ^^^ 
%  loss  of  norm 

Values  of  the  index  would  range  from  100,  representing  complete  protection 
against  decay,  to  0,  representing  no  protection  whatever. 

In  most  cases,  especially  when  no  volatile  preservative  is  present,  the 
untreated  reference  block  disintegrates  completely  within  twelve  to  six- 
teen weeks.  An  inspection  rating  based  on  strength  may  be  used  to  supple- 
ment weight  loss  due  to  decay.  The  rating  is  made  on  the  basis  of  appear- 
ance and  strength:  10  denotes  a  sound  condition,  9  superficial  decay,  8 
superficial  decay  in  spots  or  streaks,  7  general  surface  decay,  6  considerable 
decay  but  not  enough  to  allow  specimen  to  be  broken  easily,  5  advanced 
decay,  and  4,  3,  2,  and  1  different  stages  of  advanced  decay,  determined  pri- 
marily by  the  ease  with  which  the  specimen  is  broken;  0  denotes  complete 
disintegration.  Ratings  of  5  and  below  are  considered  failures.  Similar 
ratings  have  been  used  for  sticks  in  field  work.  This  method  of  rating  was 
used  in  the  field  trials  of  preservatives  which  appear  later  in  this  paper. 
Although  the  system  is  an  arbitrary  one,  considerable  correlation  has  been 
shown  between  these  dissection  ratings  and  the  weight  loss  in  percentage. 
With  a  series  of  field  sticks  or  blocks  treated  with  the  same  low  amount  of  a 
preservative,  ratings  based  on  strength  for  the  series  are  found  to  be  very 
closely  correlated  with  weight  losses,  even  when  the  ratings  are  made  by  dif- 
ferent workers. 

The  Influence  of  Moisture  on  Decay 

The  first  experimental  factor  studied  was  the  moisture  content  of  the  wood 
preceding  and  during  the  time  that  decay  took  place.  Statements  in  the 
literature  concerning  the  optimum  moisture  content  for  the  decay  of  wood 
have  placed  the  figure  variously  from  fiber  saturation,  27-30%  to  60% 
(Schorger,  1926)1"  and  150%  (Benton  &  Ehrlich,  1940)ii  of  the  wood  sub- 
stance based  on  the  oven-dry  weight. 

Figure  1  gives  data  on  the  moisture  content  of  blocks  exposed  to  the  seven 
species  of  fungi  for  periods  of  one,  two,  three,  and  four  months.  Un- 
inoculated  control  blocks,  removed  at  the  end  of  each  of  these  periods,  were 
found  to  be  at  filer  saturation,  indicating  100%  relative  humidity  in  the 
bottles  and  Uttle  or  no  migration  of  Uquid  water. 

During  the  progress  of  decay  there  is  a  rapid  decrease  in  the  weight  of 
the  wood  substance.    But  the  amount  of  water  present  in  each  block  does 
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not  decrease  and  at  all  stages  of  decay  corresponds  to  about  35%  of  the 
original  dry  weight  of  the  block.  Since  the  amount  of  water  does  not  de- 
crease as  the  amount  of  wood  substance  decreases,  there  is  an  increase  in  the 
percentage  of  water  expressed  in  terms  of  dry  weight  as  shown  by  curves 
labeled  3  in  Fig.  1.  Such  an  increase  in  the  amount  of  water  relative  to  the 
remaining  wood  substance  would  tend  to  limit  decay  if  the  optimum  moisture 
content  for  initiating  decay  is  considered  to  be  at  or  near  fiber  saturation. 

If  the  absolute  amount  of  water  in  the  blocks  does  not  change  during  the 
progress  of  decay,  then  the  final  amount  of  moisture  divided  by  the  initial 
weight  of  the  blocks  should  give  a  percentage  figure  fairly  close  to  the  initial 
fiber  saturation  of  approximately  30%.  The  curves  labeled  2  in  Fig.  1  show- 
ing the  moisture  content  based  on  the  initial  weight  indicate  that  this  is  the 
case.  For  example,  Fig.  1  shows  that  the  average  for  all  organisms  is  4% 
greater  than  30%  after  one  month,  7%  greater  after  two,  6.3  after  three,  and 
only  2.1  greater  after  four  months.  Between  the  third  and  fourth  months 
the  soil  showed  signs  of  drying  out  and  examination  of  all  of  the  moisture 
curves,  Fig.  1,  indicates  a  loss  of  water  through  the  bottle  caps,  which 
accounts  partially  for  the  discrepancy.  The  5-10%  increase  in  water  over 
the  original  fiber  saturation  may  be  due  to  slight  condensation  on  the 
blocks  or  to  the  respiratory  activity  of  the  fungi  in  breaking  down  carbo- 
hydrates into  CO2  and  water. 

The  average  amount  of  decay  (curve  1)  and  the  final  moisture  content 
referred  to  the  initial  weight  (curve  2)  for  all  the  organisms  obtained  by 
the  wood-water  (A)  and  wood-soil  (B)  assays  are  compared  in  Fig.  2.  The 
water  content  of  the  blocks  in  the  water  test  varied  from  55-165%  based 
on  the  oven-dry  weight  of  wood  and  the  decay  was  much  less  in  amount 
and  uniformity  than  that  obtained  by  the  wood-soil  technique  with  the 
same  organisms.  From  the  results  for  individual  blocks,  the  limiting  water 
content  at  which  no  decay  took  place  was  determined  as  78%  for  Porta 
incrassata,  84%  for  Coniophora  cercbzlla,  and  66%  for  Polyporiis  vapor- 
arius.  In  a  few  instances,  despite  the  full  cell  saturated  conditions,  decay  did 
take  place.  Examination  of  these  blocks  indicated  that  most  of  the  decay 
was  confined  to  the  surfaces  of  the  blocks.  This  indicates  that  lack  of 
oxygen  was  the  limiting  factor. 

When  wood  was  supported  on  glass  rods  over  agar  (kolle  flash  technique) 
full  cell  saturation  of  the  blocks  often  occurs  due  to  capillarity  of  the  glass, 
condensation  of  water,  accidental  contact  between  wood  and  agar,  and 
conduction  by  the  fungus  filaments.  That  the  water  content  of  the  wood 
in  the  kolle  flask  technique  is  also  too  high  is  indicated  by  the  "optimum" 
moisture  content  of  150%  and  the  rclati\ely  small  weight  losses  due  to 
decay,  less  than  10%,  cited  in  the  experiments  of  Benton  and  Ehrlich.^' 
The  amount  of  decay  was  again  shown  to  be  affected  by  the  water  content 
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of  the  wood.  If  decay  is  to  be  used  as  a  criterion  of  toxic  effectiveness, 
the  importance  of  eliminating  variations  in  the  water  content  of  the  block 
can  be  fully  realized.  The  wood  soil  technique  offers  an  excellent  means 
of  controlling  moisture  for  studies  of  wood  decay. 

Sand,  cotton,  sawdust,  wood  flour,  and  soils  with  varying  moisture  con- 
tents were  also  used  as  supporting  substrates,  but  in  no  case^was  the  amount 
of  decay  as  great  as  that  with  the  same  technique  using  soil  of  20-25% 
moisture  described  above.  When  soils  with  water  contents  of  5%,  10%, 
20-25%  and  30%  were  compared,  the  moisture  contents  of  blocks  in  contact 
with  them  were  12.8%,  23.9%,  27-30%  and  73.9%,  respectively.  Decay 
of  the  blocks  was  adversely  affected  by  lack  of  moisture  in  the  first  two 
cases  and  by  full  cell  saturation  of  the  wood  in  the  last  instance.  However, 
if  moisture  were  the  only  controlling  factor  the  amount  of  decay  of  wood  in 
contact  with  sand  should  be  comparable  to  that  in  soil,  but  this  was  not 
the  case. 

The  Influence  of  Soil  Nutrient  or  Niitrilites 

Nitrogen  in  the  form  of  asparagine  has  been  shown  by  Schmitz  and 
Kaufert'-  (1936)  to  cause  an  increase  in  the  amount  of  decay  of  Pinus 
resinosa  by  Lenzites  trabea.  Since  wood  contains  only  about  0.1%  to  0.3% 
of  nitrogen,  any  additional  nitrogen  received  from  the  soil  should  promote 
decay.  It  might  be  expected  that  the  soil  supplies  nitrogenous  and  other 
nutrients,  nutrilites,  vitamins,  etc.,  that  accelerate  decay.  Evidence  for 
this  was  obtained  by  comparing  the  decay  of  blocks  in  contact  with  (1) 
top  soil,  (2)  top  soil  that  had  been  leached  for  several  days  with  hot  water, 
and  (3)  three  artificial  soils  composed  of  washed  sand  and  fuller's  earth. 
In  this  experiment  Poria  incrassata  was  used  as  the  inoculum  for  a  test 
period  of  12  weeks.  The  moisture  content  of  the  uninoculated  control 
blocks  was  27-30  percent  and  of  the  substrate  for  each  series  22  percent; 
the  temperature  and  time  were  constant.  The  average  weight  loss  for  the 
blocks  in  contact  with  top  soil  was  54%,  with  water  extracted  top  soil  45.4% 
and  the  three  mixtures  of  sand-fuller's  earth  24.7%. 

It  is  apparent  from  these  data  that  the  top  soil  promotes  decay  to  a  far 
greater  extent  than  the  sand-fuller's  earth  mixtures  and  slightly  more  than 
the  water  extracted  top  soil,  despite  the  same  moisture  (fiber  saturation) 
content  of  the  blocks.  The  actual  rate  of  decay  of  blocks  in  contact  with 
the  top  soil  was  more  than  double  that  of  the  other  mixtures.  Therefore, 
the  conclusion  may  be  drawn  that  nutrients  or  nutrilites  are  present  in  the 
top  soil  which  stimulate  growth  of  the  fungus  and  promote  decay. 

Since  the  water-extracted  soil  proved  not  so  favorable  for  decay  as  the 
original  top  soil,  some  of  the  growth-promoting  substances  must  have  been 
soluble  in  water.     The  greater  decay  of  wood  in  contact  with  the  extracted 
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top  soil  than  of  that  on  the  mixtures  of  sand  and  fuller's  earth  indicates 
that  the  nutrients  present  in  the  soil  were  not  all  removed  by  the  water 
extraction.  I'urther  information  was  obtained  by  adding  soil  extract  and 
other  nutrient  solutions  to  the  sand-fuller's  earth  mixtures.  The  following 
materials  were  used: 

4500  grams  of  washed  l^cach  sand 
900  grams  of  fuller's  earth 
300  ml.  of  soil  extract 
60  ml.  of  malt  extract  (2%  water  solution) 
50  leached  blocks 

vitamins  Ri,  Be  and  biotin  (free  acid) 
stock  mineral  sclution  of  the  following  composition: 
1.5  grams  per  liter  of  KH2PO4 
1.0  gram  per  liter  of  MgS047H20 
plus  the  following  elements  in  parts  per  million: 

0.02  Cu,  0.01  Mn,  0.005  B,  0.10  Fe,  0.01  Mo,  0.09  Zn 
pure  cultuies  of  the  fungus  Poria  incrassata 
42  eight-ounce  bottles,  screw  capped  (12  cm.  high  by  6  cm.  diameter) 
maltose 

Procedure: 

The  sand  and  fuller's  earth  in  the  proportions  mentioned  above  were 
mixed  in  a  porcelain  jar  on  a  ball  mill  for  six  hours.  The  blocks  were 
leached  for  two  years  with  weekly  changes  of  distilled  water,  using  50  ml. 
of  distilled  water  for  each  block.  Before  the  test,  the  blocks  were  oven- 
dried  to  constant  weight  at  105°C.  and  a  volume  measurement  was  made 
by  mercury  displacement  method.  The  volume  at  liber  saturation  was 
calculated  from  the  oven-dry  volume  according  to  the  formula:  X'olume 
at  liber  saturation  =  Oven-dry  volume  +  0.25  X  oven-dr>^  weight. 

One  hundred  grams  of  the  soil  moistened  with  20  ml.  of  the  appropriate 
nutrient  solution  (Table  1)  was  placed  in  an  eight-ounce  bottle  for  each 
block.  The  weighed  block  was  pushed  into  the  soil  with  a  cross-section  of 
the  block  facing  upward  until  the  top  of  the  block  was  level  with  the  soil. 

The  bottles  were  capped  and  autoclaved  for  20  minutes  at  20  pounds' 
pressure.  After  sterilization  and  cooling,  an  inoculum  from  a  pure  culture 
of  the  fungus  Poria  incrassata  was  placed  on  the  top  of  each  block.  The 
bottles  were  then  placed  in  a  controlled  temperature  room  (26°-28°C., 
relative  humidity  90^95%)  for  16  weeks. 

At  the  end  of  this  time  the  blocks,  brushed  free  of  soil  and  mjcelia,  were 
weighed  immediately,  and  the  volume  was  measured.  Finally,  the  blocks 
were  again  oven-dried  to  constant  weight  and  the  volume  was  measured 
again. 

The  average  volume  at  fiber  saturation  of  the  42  blocks  calculated  from 
the  initial  volume  when  oven-dry  was  found  to  be  7.24  cc,  and  the  linal 
average  volume  when  removed  from  the  test  was  7.26  cc.  Xo  shrinkage 
took  place  until  the  blocks  were  oven-dried,  and  then  tlic  distortion  became 
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permanent.  This  constancy  of  the  volume  during  the  decay  period  indi- 
cates the  mechanism  by  which  the  water  is  held  practically  constant  during 
the  decay  period.  Any  loss  of  water  would  result  in  a  shrinkage  from 
which  there  would  be  no  recovery. 

Table  1  gives  a  list  of  the  solutions  used  to  moisten  the  artificial  soil  and 
the  average  weight  loss  for  3  blocks  in  percentage  for  each  variation.     Several 

Table  1 

Effect  on  the  Decay  of  Wood  in  Contact  With  Sand  and  Fuller's  Earth 

Mixtures  Moistened  with  Various  Nutrients  and  Nutrilites 

Organism  Poria  Incrassata.     Time  12  Weeks 


Solution  Used  to  Moisten  Artificial  Soil 


Top  Soil  (Control) 

M.S.*  +  0.2%  Ammonium  Nitrate  +  1%  Maltose  +  Vitamins  Bi, 

Be  and  Biotinf •• 

2%  Malt  Extract 

M.S.  +  2%  Ammonium  Nitrate  +  Vitamins 

M.S.  +  2%  Ammonium  Nitrate 

M.S.  -j-  Various  Combinations  of  VitaminsJ 

Distilled  Water : 

M.S.  +  Vitamins  +  1%  Maltose .-,'■ 

M.S.  +  1%  Maltose 


Average  Weight  Loss  in 
Per  Cent  Due  to  Decay 


67.0 

62.7 
59.3 
51.3 
47.9 
29.1 
28.4 
11  6 
12.9 


*  M.S.  =  mineral  solution  containing  the  following  minerals: 

Potassium  Dihydrogen  Phosphate 1.5  grams  per  liter 

Magnesium  Sulfate 1.0  gram  per  liter 

Copper 0.02    parts  per  million 

Manganese 0.01    parts  per  million 

Boron 0.005  parts  per  million 

Iron 0.10    parts  per  million 

Molybdenum 0.10    parts  per  million 

Zinc 0.09    parts  per  million 

t  The  vitamins  used  and  the  concentrations  per  liter  were  as  follows: 

B^ 0.1    milligrams  per  liter 

Be 0.1    milligrams  per  Hter 

Biotin 0.02  milligrams  per  liter 

X  The  vitamins  were  added  singly  and  in  the  following  combinations: 

Bi  +  B«  +  Biotin — Concentration  of  each  vitamin  as  Hsted  above. 

B,  +  Be 

Bi  +  Biotin 

Be  +  Biotin 

conclusions  may  be  drawn.  It  is  evident  that  the  soil  greatly  accelerates 
decay,  and  that  the  soil  extract  contains  a  large  portion  of  the  nutrients 
and  nutrilites  which  accelerate  decay.  Malt  extract,  which  contains 
proteins  and  sugars,  and  the  mineral  solution  fortified  with  ammonium 
nitrate  also  stimulate  decay.  The  effect  of  nitrogen  in  increasing  decay 
confirms  the  experiments  made  by  Schmitz  and  Kaufert,^^  1936.  When 
nitrogen  is  lacking  and  a  simple  sugar  is  present,  the  fungus  consumes  the 
simpler  sugar  instead  of  the  more  complex  carbohydrate  cellulose.  This 
preference  is  not  evident  if  sufficient  nitrogen  is  present  since  both  carbohy- 
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drates  are  destroyed.  There  is  a  slight  indication  that  the  vitamin  mixtures 
promote  decay  but  the  effect  as  measured  by  the  weight  loss  is  not  very 
pronounced.  The  basic  mineral  solution  which  was  used  in  this  experiment 
promoted  only  slightly  more  decay  than  the  distilled  water.  While  the 
results  are  not  included  in  the  table,  it  may  be  stated  that  leaching  of  the 
blocks  had  no  apparent  effect  on  decay  when  compared  with  unleached 
blocks. 

Influence  of  Temperature  on  Decay 

Most  of  the  early  work  in  the  Bell  Telephone  Laboratories  was  conducted 
by  the  petri  dish  method  at  temperatures  in  the  range  26°-28°C.,  following 
the  recommendations  of  Richards,  1923.  But  certain  fungi,  including 
MeruUus  lachrymans,  failed  to  grow  at  this  temperature.  When  several 
inocula  of  Merulius  lachrymans  that  had  failed  to  grow  at  26°-28°C.  were 
transplanted  to  sterile  blocks,  according  to  the  earlier  sapwood-water  tech- 
nique, the  loss  in  weight  due  to  decay  after  six  months  averaged  34%  at 
21°C.  and  only  7%  at  26°-28°C. 

An  experiment  was  planned  to  test  the  influence  of  a  wide  range  of  tem- 
peratures on  the  decay  of  wood  in  the  soil  contact  assay  method.  Four 
kinds  of  fungi  were  established  under  sterile  conditions  on  untreated  wood 
slabs  laid  on  moist  garden  soil.  An  abundant  growth  of  the  fungi  was 
secured  within  one  to  two  months.  Cubes  of  sapwood  were  placed  on  the 
\'igorously  growing  mycelia,  both  of  which  had  been  conditioned  by  exposure 
overnight  to  the  various  temperatures.  Sterile  soil,  also  conditioned  to 
the  temperatures,  was  used  to  cover  the  blocks.  After  15  weeks'  exposure, 
the  results  were  as  follows: 


Poria  incrassala 

Polyporiis  vaporarius 
Poria  nncrospora . . .  . 
BTL-U-11 


Average  Weight  Loss  in  Per  Cent 


o*c. 

21*C. 

26-28°C. 

30°C. 

35*C. 

0.0 

35.6 

58.2 

34.7 

0.7 

0.0 

42.7 

58.9 

1.0 

0.8 

0.0 

53.3 

59.0 

42.4 

2.4 

0.0 

27.1 

62.7 

60.5 

1.3 

The  results  indicate  that  the  standard  temperature,  26°-28°C.,  was  optimum 
for  the  four  fungi  tested.  No  decay  was  produced  by  any  of  the  fungi  at 
0°C.  A  temperature  of  35°C.  was  too  high  for  active  decay;  in  the  case  of 
Poria  microspora,  for  instance,  only  a  single  block  was  attacked.  The 
series  at  35°C.  was  repeated  because  the  soil  in  some  of  the  bottles  seemed 
to  have  become  rather  dry,  although  the  blocks  contained  30%  moisture. 
In  the  new  series  the  humidity  was  maintained  at  76%  around  the  bottles 
to  reduce  loss  of  water,  and  three  more  organisms  were  used.     The  results 


118 


BELL  SYSTEM  TECHNICAL  JOURNAL 


of  the  previous  temperature  tests  were  confirmed  and  the  weight  losses 
due  to  decay  by  the  three  additional  fungi,  which  are  known  to  tolerate 
higher  temperatures,  were  as  follows: 


Organism 

Percentage  Weight  Loss 
Due  to  Decay 

Lentinus  lepideus                        

21    8 

Lenziles  sepiaria 

Lenzites  trabea  (BTL  U-40) 

21.3 

44.0 

These  results  indicate  that  certain  fungi  are  able  to  bring  about  decay 
of  wood  over  a  wider  temperature  range  than  others.  It  is  clear  that  a 
complete  statement  cannot  be  made  until  the  effects  of  various  tempera- 
tures between  0°C.  and  21°C.  have  been  ascertained.  In  the  light  of  results 
with  Lentinus  lepideus,  Lenzites  sepiaria,  and  Lenzites  trabea  showing  con- 
siderable decay  at  35°C.,  the  upper  limits  of  temperature  should  be  deter- 
mined for  these  fungi. 

Humphre}^  and  Siggers,'^  1933,  studied  the  effects  of  different  temperatures 
on  the  growth  of  sixty-four  fungi.  Two  different  nutrient  substrates  were 
used,  but  the  optimum  temperature  with  these  rarely  differed  by  more 
than  2°C.  The  following  summary  shows  a  comparison  of  their  results 
with  those  obtained  in  the  above  tests: 


Menilius  lachrymans . 

Poria  incrassata 

Lentinus  lepideus.  .  .  . 

Lenziles  trabea 

Lenziles  sepiaria .... 


Optimum,  "C. 

Upper  Limit,  °C. 

H&S 

BTL 

H&S 

BTL 

20 

21* 

28 

>28 

24-30 

26-28 

34 

34 

28 

28 

36 

>35 

28-36 

28-35 

40 

>35 

28-36 

28 

>35 

*  Bottle  method  used;  no  test  has  been  made  yet  with  soil. 

Two  of  the  fungi,  Merulius  lachrymans  and  Lentinus  lepideus,  brought 
about  decay  at  limits  higher  than  those  reported  for  cessation  of  growth 
by  Humphrey  and  Siggers.  Poria  incrassata  had  the  same  limiting  tem- 
perature in  both  tests.  The  temperatures  for  maximum  growth  and  maxi- 
mum decay  check  rather  well  in  both  tests. 

Field  Studies 

The  rapid  decay  obtained  in  the  foregoing  laboratory  experiments  based 
on  the  soil  technique  was  further  evaluated  by  investigating  the  rapidity 
of  decay  in  the  held. 
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Selection  of  Wood: 

For  both  laboratory  and  field  assays  care  is  exercised  in  selectin^f  tlie 
wood.  Boards  of  southern  pine  sapwood  of  the  shortleaf  type,  wliich 
includes  Pimis  echinata,  and  Pinus  taeda,  are  obtained  from  local  lumber 
dealers  and  are  cut  into  sticks  f  x  f  x  32  inches.  Since  the  square  sticks 
facilitate  calculation  of  volume  and  retention  of  toxics  or  preservatives, 
they  have  superseded  the  round  saplings  cited  by  Waterman  and  Williams," 
1934.  The  sticks  are  selected  on  the  basis  of  uniformity  of  growth,  density 
and  ratio  of  springwood  to  summerwood.     The  jiresence  of  any  heartwood, 
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Fig.  5— Field  test  of  untreated  sapwood  squares  exjwsed  at  Gulfport,  Mississippi,  1941-42 

sap  stain  or  other  indication  of  incipient  invasion  by  fungi  is  cause  for  re- 
jection. After  classification  into  piles  according  to  arbitrarily  chosen 
weight  increments,  twenty  to  twenty-five  32"  sticks,  for  each  concentration 
of  preservative  used  in  field  studies  are  selected  by  taking  the  appropriate 
number  of  specimens  from  each  pile  to  give  a  representative  distribution 
based  on  density.  Since  the  specimens  are  subsequently  cut  in  liall  each 
individual  treatment  is  represented  by  40-50  specimens.  Sticks  in  the 
median  range  of  density  are  generally  used  for  laboratory  studies  after 
they  have  been  cut  into  \"  cubes  (8  cc.  volume). 

An  experiment  with  untreated  sticks  was  carried  out  at  Gulfport,  Missis- 
sippi, where  the  climatic  conditions  are  ver>'  favorable  for  decay  and  also 
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for  termite  attack.  Six  hundred  8-inch  lengths  were  dried  in  the  oven  in 
the  laboratory  at  105°-110°C.  and  then  weighed.  The  specimens  were 
then  shipped  to  Gulfport,  Mississippi,  and  distributed  throughout  the  test 
plot  in  April.  Each  eight-inch  specimen  was  buried  in  the  soil  until  the 
end  of  the  specimen  was  even  with  the  level  of  the  soil.  At  the  end  of 
each  two-month  period  subsequent  to  exposure  about  80  specimens  were 
removed,  brushed  free  of  dirt  and  mycelia,  oven-dried,  and  reweighed. 
In  order  to  study  decay  during  the  winter  months,  150  additional  pieces 
were  planted  in  October;  seventy-five  of  these  were  removed  after  four 
months  and  the  rest  after  sLx  months  exposure. 

From  Fig.  5  it  is  evident  that  in  the  field  test  the  loss  in  weight  due  to 
decay  was  far  less  than  that  obtained  in  the  soil  test  in  the  laboratory. 
The  maximum  amount  of  decay  in  the  field  after  two  months  was  as  high 
as  10%  in  only  two  out  of  the  81  samples  exposed;  after  four  months  it  was 
19%,  after  six  months  30%,  after  eight  months  20%,  after  10  months  30%, 
and  after  12  months  50%.  While  the  maximum  percentage  loss  applies 
only  to  one  specimen  in  each  case,  in  general  the  average  percentage  losses 
noted  in  the  figure  were  far  below  these  figures.  Therefore,  decay  in  the 
field  does  not  approach  in  uniformity  and  rapidity  that  occurring  under 
controlled  conditions  in  the  laboratory. 

Experiment  at  Chester,  New  Jersey,  Using  Various  Nutrients: 

Another  field  experiment  was  devised  in  which  an  attempt  was  made  to 
increase  the  rate  of  decay  by  using  nutrient  materials  and  salts  which  would 
change  the  pH  of  the  soil.  SL\teen-inch  untreated  sticks  were  selected  for 
uniformity  within  a  very  narrow  density  range  and  exposed  in  each  of  six 
specially  prepared  plots  in  northern  New  Jersey.  The  ground  was  first 
plowed,  then  harrowed  and  raked  free  of  stones  so  that  the  soil  in  all  plots 
was  nearly  uniform  before  treatment.  Then  fifty  sticks  were  buried  to  a 
depth  of  7  inches  in  each  plot  in  rows  of  five,  with  two  feet  between  each 
row  and  one  foot  between  the  sticks  in  each  row.  The  plots  were  treated 
as  follows: 


Plot  No. 


Treatment 


Control 

Barnyard  manure 

5  pounds  lime 

5  pounds  commercial  fertilizer  (5-10-5) 

5  pounds  aluminum  sulfate 

Nutrient  solution* 


*  Containing  the  following  minerals  dissolved  in  ten  gallons  of  water,  then  sprinkled 
over  the  entire  plot: 


WOOD  SOIL  CONTACT  CULTURE  TECHNIQUE 


121 


A)  Ca(NO,)j-4HjO .  207  0 

MgS04-7H,0 1 18.8 

KH.PO4 83.6 

B)  ZnS04 0. 176 

MnS04-7H..O 0.572 

Boric  Acid 0  704 

AU(SO0. : 0. 176 

C)  FeS04 5.0 

Note:  The  salts  in  A,  B,  and  C  were  dissolved  separately  and  then  the  three  parts 

mixed. 

The  sticks  were  removed  and  examined  at  intervals  of  three,  twelve,  and 
fifteen  months.  The  percentage  failure,  as  determined  by  the  ease  with 
which  the  specimen  could  be  broken,  is  shown  in  the  following: 


Percentage  Failure 

3  mo. 

12  mo. 

IS  mo. 

Control 

Manure 

Lime 

2 
10 

2 

4 

16 

4 

8 
12 
10 

8 
36 
12 

72 

96 
80 

Fertilizer ^. 

Aluminum  sulfate 

94 
100 

TMiitrient  solution 

100 

At  the  end  of  12  months  the  greatest  number  of  failures  due  to  decay 
was  observed  in  the  plot  treated  with  the  acid  salt  (aluminum  sulfate). 
Colorimetric  determinations  of  the  pH  of  the  soil  showed  it  to  be  between 
5.8  to  6.0  for  the  soil  treated  with  the  acid  salt  and  about  6.6  to  6.8  for  the 
control  plot.  This  experiment  needs  to  be  repeated  for  confirmation  of 
results,  but  the  present  indications  are  that  the  acid  soil  was  much  more 
favorable  for  decay  than  the  soil  in  the  control  plot.  Limed  and  fertilized 
soils  gave  results  comparable  to  those  of  the  control  plot,  with  an  indication 
that  the  fertilizer  increased  the  decay.  The  complete  disintegration  of 
the  sticks  in  the  acid  treated  soil  was  particularly  noticeable,  whereas  the 
sticks  in  the  soil  treated  with  manure  were  intact,  though  easily  broken. 
The  plot  treated  with  the  nutrient  solution  showed  the  same  rate  of  decay 
as  the  manure  plot  at  the  end  of  the  twelve-month  period.  Ten  pounds 
of  aluminum  sulfate  were  then  added  to  the  nutrient  plot,  and  three  months 
later  all  the  sticks  were  completely  disintegrated.  The  rapid  disintegration 
of  the.  sticks  in  the  plot  treated  with  the  acid  salt  points  to  the  importance 
of  further  work  on  the  effect  of  the  pH  on  the  rate  of  decay. 

Comparison  of  Soil  Technique  With  Other  Toxicity  Assays 

In  the  selection  of  a  method  for  testing  relative  toxicity  of  chemicals  to 
microorganisms,  the  rapidity  of  test,  the  standardization  of  the  medium. 
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the  choice  of  test  organisms,  the  ease  of  manipulation,  the  replication  of 
results,  and  the  duplication  by  other  investigators  have  been  the  paramount 
objectives. 

A  hypothetical  test  which  would  meet  these  requirements  could  be 
performed  with  distilled  water  to  which  could  be  added  increasing  concen- 
trations of  the  chemical  to  be  tested.  A  known  amount  of  fungus  mycelium 
or  spores  could  be  shaken  with  the  toxic  solution  and  left  for  several  different 
time  intervals.  The  fungus  filaments  or  spores  could  then  be  removed  to  a 
nutrient  agar,  and  the  viability  of  the  fungal  filaments  or  percentage  of 
spores  germinating  could  be  readily  determined.  Comparative  toxicity  of 
a  large  number  of  compounds  could  be  quickly  and  easily  ascertained. 
The  results,  however,  would  be  applicable  only  to  a  distilled  water-poison 
system,  and  the  concentration  of  most  toxic  materials  necessary  to  inhibit 
growth  would  be  very  low. 

The  addition  of  nutrients  would  necessitate  larger  amounts  of  the  toxic 
materials  (Van  den  Berge,'^  1935).  Therefore  the  mineral  solutions — 
nutrient  agar,  soil  extract  agar,  soil  or  wood  substrate  would  in  general 
necessitate  an  increase  in  toxic  material,  the  amount  of  increase  depending 
upon  which  substrate  best  meets  the  nutritional  requirements  of  any  partic- 
ular fungus.  Some  toxicity  values  would  also  be  afifected  by  chemical  or 
certain  physical  changes  resulting  from  interaction  between  the  toxic 
material  and  the  substrate. 

In  the  petri  dish  method,  the  fungi  selected  for  studies  of  wood  destruction 
grow  well  on  the  nutrient  substrate  containing  1.5%  malt  extract  and  2% 
agar.  Although  such  a  mixture  has  been  recommended  as  a  standard 
substrate,-  it  should  be  pointed  out  that  the  malt  syrup  is  somewhat  variable 
in  composition  and  constituents  and  that  even  the  agar  varies  in  the  amounts 
of  various  growth  substances  present,  Robbins  and  Ma,'"  1941.  The  inter- 
pretation of  results  obtained  by  the  assay  of  a  fungicide  when  dispersed 
in  an  agar  system  should  be  restricted  to  that  specific  system  and  not 
applied  to  a  wood-fungicide  system. 

When  wood  preservation  studies  are  carried  out,  reliance  cannot  be  placed 
on  the  results  of  petri  dish  tests.  The  use  of  wood  permits  the  testing  of  a 
large  variety  of  the  more  common  preservatives  and  fungus-proofing  agents, 
many  of  which  may  react  with  the  wood  or  are  precipitated  in  the  wood 
upon  loss  of  solvent.  Organic  preservatives  which  are  relatively  insoluble 
in  water  are  not  readily  tested  by  petri  dish  assay. 

Comparison  of  the  wood-soil  contact  method  with  the  wood-water  method 
when  untreated  wood  blocks  are  used  is  shown  in  Fig.  2.  The  greater 
uniformity  in  the  amount  and  rapidity  of  decay  and  the  better  control  of 
moisture  showed  the  soil  technique  to  be  superior.  It  is  obvious  that  if 
the  amount  of  decay  is  variable  and  adversely  affected  by  other  factors, 
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the  effect  of  the  preservative  or  fungicide  will  be  obscured.  When  the 
sapwood-water  method^  was  published,  comparison  between  it  and  the 
kolle  flask  method  showed  that  the  wood-water  method  had  certain 
advantages. 

Comparing  the  method  of  soil  contact  with  that  of  soil  burial,  the  principal 
point  of  diflference  is  that  a  pure  culture  is  used  in  the  soil  contact  method 
and  a  mixed  culture  is  used  in  the  soil  burial  method.  Common  to  both 
are  the  moisture-regulating  and  nutrient  properties  of  the  soil.  Since  the 
microbial  activity  of  unsterile  soil  is  diverse,  depending  on  the  type  and 
source  of  soil,  uniform  results  from  soil  burial  could  not  be  expected.  \\  hen 
wood  specimens  were  exposed  individually  in  bottles  of  non-sterile  soil  in 
the  laborator}',  the  amount  of  decay  after  12  weeks'  exposure  was  less  than 
10%  for  all  specimens.  The  results  were  similar  to  those  obtained  by  the 
exposure  of  untreated  wood  out-of-doors  at  Gulfport,  Mississippi,  for  the 
two-month  period  (Fig.  5).  Since  decay-producing  organisms  were  shown 
to  be  present,  the  other  organisms  in  the  soil  must  have  interfered  with  the 
growth  of  the  wood-destroying  fungi.  The  antagonism  between  the  wood- 
destroying  fungus  Lentimis  lepideiis  and  a  contamination  is  shown  in  Fig.  6. 

The  soil-contact  technique  instead  of  the  soil  burial  method  has  been 
used  extensively  to  test  cotton  fabric,  thread,  paper,  jute,  fibers,  and  a 
variety  of  other  materials.  The  organisms  have  been  varied  according  to 
their  occurrence  on  the  particular  substrate  in  nature.  The  fungi  Chae- 
tomium  globosum,  Aspergillus  uiger,  Stachybotrys  atra,  Stysaniis  media,  and 
Metarrhizium  have  been  established  with  excellent  results  on  a  substrate 
of  cloth  when  testing  fabric.  The  loss  in  tensile  strength  of  an  unprotected 
cotton  thread  which  had  an  initial  absolute  pull  of  30  pounds  was  90-100% 
after  two  weeks'  exposure  to  Chaetomium  globosum.  Treated  threads  or 
other  cellulosic  materials  may  be  tested  as  satisfactorily  as  treated  wood. 

Examination  of  numerous  reports  from  soil  burial  studies  of  treated  textiles 
indicates  that  organisms  which  tolerate  certain  types  of  chemicals  become 
dominant  in  the  test  beds.  As  a  result,  a  preservative  which  shows  great 
promise  initially  may  suddently  fail  when  the  test  is  repeated.  If  a  pure 
culture  technique  were  used,  a  better  evaluation  of  the  preservative  would  be 
possible. 

Similarly  the  controversies  which  have  arisen  over  the  ability  of  certain 
fungi  to  destroy  cellulose  could  be  resolved  by  using  the  suitable  cellulose 
soil  technique.  At  least  there  is  very  good  evidence  that  man>-  of  the  en- 
vironmental variations  affecting  decay  are  at  or  near  the  optimum. 

Toxicity  Tests 
In  the  toxicity  tests  which  follow,  petri  dish  results  are  given  for  several 
compounds,  soil  contact  test  results  are  given  for  compounds  not  readily 
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assayed  by  the  petri  dish  method,  and  the  field  test  results  are  included  for 
comparison  with  the  results  of  the  soil  contact  test  method. 


Fig.  6 — Antagonism  which  has  persisted  for  over  one  year  between  the  wood-destroying 
fungus,  Lentinus  lepideus  (outer  portion)  and  contaminating  fungus  (inner  portion)  in  a 
soil  culture. 

During  the  initial  stages  of  this  research  on  the  evaluation  of  toxic  prop- 
erties of  various  compounds  for  wood  preserv'ation,  the  petri  dish  method 
was  used  for  assay  studies  in  the  laboratory  and  the  modified  sapling  method 
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of  Waterman  and  Williams'^  (1934)  was  used  for  the  field  tests  at  Gulf- 
port,  Mississippi.  Table  2  shows  the  results  obtained  with  the  petri  dish 
method  on  the  toxicity  of  four  common  inorganic  salts  and  a  creosote  to 
several  of  the  usual  test  fungi. 

Table  2 

Toxicity  Expressed  in  Per  Cent  Toxic  Agent  Present  in  Notrient  Agar  as 

Determined  by  Petri  Dish  Assay 


Compound 

Fungi 

Inhibition 
Point 

Killing 
Point 

Arsenic  Trioxide 

Madison  *517 

0.04 

0.064 

Porid  incrassiita 

0.10 

0.10 

LenliiiKs  le/>idetts 

0.30 

0.30 

1' (lines  r  It  sens 

0.30 

0.30 

For  ill  iiiicros/)ora 

0.30 

0.30 

Poly  poms  vaporarius 

0.49 

0.49 

Zinc  Chloride 

Porta  incrassala 

0.16 

0.16 

Madison  *517 

0.15 

0.23 

LenliiiHs  lepUeus 

0.16 

0.40 

Ponies  roseits 

0.f)4 

0.64 

Porta  micros pora 

1.40 

1.90 

Poly  poms  vaporarius 

1.40 

1.90 

Mercuric  Chloride 

Madison  #517 

0.0012 

0.0012 

Lent  inns  lepideus 

0.002 

0.002 

Polyf'oriis  vaporarius 

0.002 

0.002 

Poria  incrassala 

0.005 

0.005 

Porta  micros por a 

0.01 

0.01 

Pomes  roseiis 

0.01 

0.01 

Copper  Sulfate 

Lentil! us  lepideus 

0.06 

0.16 

Madison   #517 

0.10 

0.16 

Lenziles  sepiaria 

0.30 

0.30 

Pomes  ruseus 

0.24 

0.36 

Poria  incrassala 

0.50 

0.50 

Poly  por  us  vaporarius 

1.00 

1.00 

Poria  micros pora 

1.0 

1.00 

Creosote 

Poria  incrassala 

0.012 

0.096 

Polyporus  vaporarius 

0.024 

0.12 

Lenziles  sepiaria 

0.96 

1.00 

Poria  microspora 

0.20 

1.40 

Lenlinus  lepideus 

0.96 

1.60 

Resistance  of  the  fungi  to  the  four  salts  is  variable,  but  it  will  be  noted 
that  Lenlinus  lepideus,  which  is  most  sensitive  to  copper  sulfate,  tolerates 
the  highest  concentration  of  creosote.  Poria  incrassala,  which  is  fairly- 
tolerant  of  copper  salts  by  petri  dish  test,  is  the  most  sensitive  to  zinc  chloride 
and  creosote.  Poria  microspora  tolerates  relatively  greater  concentrations 
of  all  the  compounds  than  any  of  the  fungi  tested. 

The  four  salts  assayed  can  be  easily  dissohed  in  an  agar  medium  in  con- 
centrations high  enough  to  be  toxic,  but  uniform  dispersal  of  insoluble  salts 
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in  the  agar  is  not  so  easily  accomplished.  Many  salts  may  be  made  soluble 
by  dissolving  them  in  dilute  ammonia  or  acetic  acid  solutions.  For  example, 
copper  arsenate  or  zinc  m.eta-arsenite  are  soluble  in  ammonia  or  acetic  acid, 
and  by  evaporation  of  the  volatile  portions  of  the  solvent  the  salts  are  pre- 
cipitated. When  precipitation  of  the  salts  from  ammoniacal  or  acetic  acid 
solution  is  carried  out  in  treatments  of  wood,  subsequent  evaporation  of 
ammonia  or  acetic  acid  from  the  wood  is  rather  rapid.  In  agar  solutions, 
uniform  precipitation  of  the  salts  through  evaporation  of  the  ammonia  and 
acetic  acid  is  not  easily  attained. 

Table   3 
Twenty  Four  Week  Soil  Assay  of  Wood  Preservative  Compounds  Not  Readily 

Ass  AY  ABLE  BY  PETRI  DiSH  METHODS 


Mixture    *1 

Average  Weight  Loss  in  Per  Cent 

1.60  Ibs/cu.ft. 

0.80  Ibs/cu.ft. 

0.41  Ibs/cu.ft. 

Untreated* 

0.0 
0.0 
0.0 

10.1 
0.7 
1.8 

10.1 
0.6 
6.4 

61.8 

34.1 

B  TL   U-11                  

56.3 

Mixture  *2 

2.79  Ibs/cu.ft. 

1.40  Ibs/cu.ft. 

0.68  Ibs/cu.ft. 

40.9 
45.9 
21.3 

31.9 
30.6 
57.0 

38.8 

31.8 

52.0 

Polvporus  vaporariiis 

B  TL   U-11 

48.6 
48.5 

Mixture  «3 

0.35  Ibs/cu.ft. 

0.15  Ibs/cu.ft. 

Porta  incrdssatd 

46.7 
0.0 
0.0 

22.9 
6.1 
5.9 

52.4 

Poly  poms  vaporariiis . 

63.8 

B.T.L.  U-ll 

56.4 

Mixture  «4 

0.72  Ibs/cu.ft. 

0.36  Ibs/cu.ft. 

1.0 
0.0 
1.0 

13.8 

14.5 

50.7 

Polvporus  vaporariiis 

55.4 

B  TL.  U-11 

53.6 

*  Average  per  cent  weight  loss  of  untreated  blocks  in  the  same  bottles  with  the  treated 
blocks. 


Agar  cannot  readily  be  used  for  assa}-s  of  two  other  types  of  compounds 
used  as  wood  preservatives.  The  first  type  depends  on  chemical  reactions 
with  and  also  within  the  wood.  Specific  examples  of  this  t}-pe  are  the  series 
of  compounds  fi.xed  in  the  wood  by  the  reduction  of  chromium  salts  which  was 
first  studied  by  Kamesam,^'  1934.  It  is  now  the  generally  accepted  view 
that  the  reduction  of  the  chromium  is  brought  about  by  various  sugars  in 
the  wood.  Subsequent  research  led  to  the  use  of  Ascu  (Kamesam)  or  Green- 
salt  K  and  to  the  later  development  of  Greensalt  "0"  by  the  Bell  Telephone 
Laboratories  in  the  United  States  and  the  Bolidens'  salts  in  Sweden.  These 
inorganic  salt  mixtures  were  developed  in  the  search  for  preservatives  which 
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would  be  fi.xed  in  the  wood  and  thus  resist  leaching  when  exposed  to  the  action 
of  ground  waters. 

The  second  type  is  comprised  of  organic  compounds  or  mi.xtures  of  organic 
compounds,  such  as  creosote,  which  has  had  an  excellent  service  record  as  a 
preservative.  Also  included  in  tliis  type  of  comi)ounds  (which  are  insoluble 
in  water  and  have  a  relatively  low  vapor  pressure)  are  certain  chlorinated 
phenols  and  cresols.  Because  of  the  low  water  solubility  or  immiscibility 
with  agar  solutions,  the  uniform  dispersal  of  the  toxic  agents  in  the  agar 
system,  which  is  essential  to  reproducibility  of  results,  is  ahnost  impossible. 
Uniform  injection  of  these  materials  into  wood,  however,  presents  no  par- 
ticular problem. 

Assays  of  four  representative  mixtures  not  readily  assayable  in  the  petri 
dish  are  included  in  the  results  of  Table  3.  The  composition  of  the  treating 
solutions  of  the  mixtures  1,  2,  3,  and  4  is  given  below: 


Mixture  I 

Zinc  oxide 
Chromic  acid 
Arsenic  acid 

46.6% 
3.8% 
49.6%  dissolved  in  a  10%  ammonia 
solution 

Mixture  2 

Copper  phenolate 
Zinc  phenolates 

4% 
1% 

Mixture  3 

Sodium  fluoride 
Disodium  hydrogen  arsenate 
Sodium  chromate 
Dinitrophenol 

25% 
25% 
37.5% 
12.5% 

Mixture  4 

Zinc  oxide 
Arsenic  oxide 
Sodium  carbonate 
Acetic  acid 

22.5% 

35.5% 

1.0% 

41.0% 

In  the  assays  shown  in  Table  3  the  maximum  retention  of  the  mixture  by 
the  wood  is  that  recommended  for  the  treatment  of  wood  that  is  not  to  be 
used  in  contact  with  the  ground.  To  make  the  test  as  severe  as  possible, 
organisms  were  selected  which  were  known  from  petri  dish,  koUe  flask,  and 
wood-water  assays  to  have  a  high  tolerance  for  various  inorganic  salts. 

Examination  of  the  data  in  Table  3  shows  that  the  compounds  produced 
in  the  wood  by  mixture  4  afford  almost  complete  protection  to  the  wood 
which  was  treated  with  0.72  pound  of  the  salt  per  cubic  foot.  The  vigorous 
attack  on  the  untreated  blocks  is  evidence  of  the  severity  of  the  test.  Sim- 
ilarly, the  comparable  treatment  of  the  wood  with  0.8  pound  of  mixture  1  per 
cubic  foot  was  very  effective  in  protecting  the  wood  against  fungus  attack. 
If  the  amount  of  mixture  1  in  the  wood  is  doubled,  almost  perfect  protection 
against  decay  may  be  obtained.  \\'ood  treated  with  0.35  pound  of  mixture 
3  per  cubic  foot  is  protected  against  Poly  poms  vaporariits  and  BTL  U-11  l)ut 
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not  against  Porta  incrassata.  The  latter  fungus  completely  disintegrates 
both  the  treated  and  the  untreated  wood.  Despite  the  fact  that  the  wood 
treated  with  mixture  2  represented  the  highest  concentration  of  any  pre- 
servative used  (2.8  pounds  per  cubic  foot),  complete  disintegration  of  the 
wood  results  from  the  action  of  the  three  fungi  just  mentioned. 

Compounds  of  the  Greensalt  type  were  also  assayed  by  means  of  the  soil- 
contact  method.  The  solution  commonly  used  for  treatment  of  wood  with 
Greensalt  K  contains  three  chemicals  in  the  following  proportions: 


Potassium  dichromate 

K^CroO; 

55% 

Copper  sulfate 

CuSOi-SHoO 

33% 

Arsenic  acid 

AS..06-2H20 

11% 

After  treatment  of  the  wood  with  this  solution,  reduction  of  the  chromium 
by  the  sugars  in  the  wood  together  with  evaporation  of  water  precipitates 
in  the  wood  fibers  several  complex  insoluble  salts,  among  which  presumably 
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Fig.  7 — Comparison  by  wood-soil  assay  of  components  with  the  whole  salt  of  Greensalt 
.     Organisms  Poria  incrassata  and  Polyporous  vaporarius.     24  weeks'  time. 


are  copper  arsenate  and  copper  dichromate.  Results  of  soil-contact  assay 
of  wood  treated  separately  with  solutions  of  these  two  components  and  with 
the  whole  Greensalt  K  complex  are  given  in  Fig.  7.  Before  exposure  to  the 
fungi,  the  wood  specimens  were  leached  by  a  diffusion  method  described  by 
Waterman,  Leutritz  and  HilP,  1938.  No  untreated  control  blocks  were 
included  in  the  bottles  with  this  test,  which  was  conducted  for  24  weeks. 
The  copper  arsenate  component  of  the  Greensalt  K  complex  is  shown  to  be 
much  more  effective  as  a  preservative  than  the  copper  dichromate  component 
but  not  as  effective  as  the  whole  K  salt  complex.  Figure  8  shows  the  setup 
for  the  wood-soil  assay  of  0.75  Ibs/cu.  ft.  of  Greensalt  K  from  a  recent  series 
of  cooperative  experiments  conducted  by  the  Forest  Products  Laborator)^ 
Madison,  Wisconsin.  Figure  9  is  a  comparison  of  the  Greensalt  K  treated 
and  untreated  reference  blocks  in  the  same  bottles  after  exposure  to  the 
following  fungi: 
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Blocks  Fungi 

A  LenzUes  trabea  fi,()\l  Y.V.I.. 

B  Porid  incnissdla  #563  F.P.L. 

D  Leiitiniis  Icfideus  *  534  F.P.L. 

E  Poria  microspora  #  106  F.P.L. 

F  Poria  luleofibrala  (Baxter) 

The  distortion  and  shrinkage  of  the  blocks  can  be  used  as  a  visual  confirma- 
tion of  the  weight  loss  due  to  decay. 

The  more  recently  developed  Greensalt  O  is  similar  to  the  K  salt.  The 
treating  solution  of  this  salt  mixture  is  composed  of  copper  o.xide,  hydroxide 
or  carbonate,  chromic  acid  anhydride,  and  arsenic  acid  in  percentages  based 
on  the  chemical  equivalents  of  the  copper,  chromate  and  arsenic  salts  in  the 
K  salt  solution.  The  toxicity  from  the  wood-soil  assay  of  Greensalt  O  is 
given  in  Table  4  for  fourteen  fungi  and  for  three  concentrations  of  the  pre- 
servative. The  effectiveness  of  the  Greensalt  O  treatment  of  wood  is  ap- 
parent from  examination  of  the  toxicity  index.  The  weight  losses  due  to 
decay  of  the  untreated  reference  blocks  indicated  in  general  that  conditions 
for  decay  were  again  very  severe,  but  the  reference  blocks  exposed  to  the 
fungus  Lentinus  lepideus  were  protected  by  their  proximity  to  the  treated 
specimens.  As  previously  pointed  out,  the  fungus  Lentinus  lepideus  does 
not  tolerate  even  slight  concentrations  of  copper,  which  is  a  major  component 
of  the  Greensalt  complex. 

The  fungus  Poria  incrassata  was  again  shown  to  be  the  least  affected  by 
the  toxicity  of  the  preservative.  The  toxicity  index  for  the  blocks  treated 
with  the  highest  concentration  of  the  preservative  was  94%  after  16  weeks' 
exposure  to  this  organism.  In  view  of  the  excellent  field  record  for  the 
equivalent  K  salt  preservatives  ratings  90  to  100%  by  the  toxicity  index 
would  be  satisfactor}^  Additional  data  will  undoubtedly  determine  the 
limits  of  the  toxicity  index. 

At  the  end  of  the  24-week  period,  the  fungi  BTL  U-11,  Lenzites  trabea, 
Tratnetes  serialis,  Poly  poms  vapor  arius,  and  one  strain  of  Coniophora  cere- 
bella  caused  slight  decay  of  one  or  more  blocks  treated  with  the  maximum 
concentration  of  preservative,  the  fungi  Lenzites  trabea,  Coniophora  cerebella, 
and  Trantetes  serialis  were  still  capable  of  causing  only  slight  losses.  Ex- 
posure of  the  blocks  treated  with  the  low  contentration  of  preservative  to 
Poly  poms  vaporarius  and  BTL  U-U  resulted  in  an  increase  in  the  amount 
of  decay. 

Since  the  resultant  salts  of  the  Greensalt  0  reaction  should  be  similar 
to  those  produced  by  Greensalt  K,  field  trials  of  these  materials  would  be 
expected  to  give  comparable  results.  Extended  field  tests  of  wood  treated 
with  one  pound  of  Greensalt  K  per  cubic  foot  have  been  in  progress  for  ten 
years  without  a  single  failure  having  occurred  in  more  than  40  specimens. 
Specimens  treated  with  Greensalt  O  have  been  tested  in  the  field  for  only 
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the  relatively  short  period  of  three  years,  during  which  time  all  the  specimens 
have  remained  sound. 

Results  of  other  field  trials  for  a  three-year  period  with  the  same  mixtures 
1,  2,  3,  and  4,  listed  previously,  copper  arsenate,  Greensalt  0,  and  a  creosote 
are  given  in  Fig.  10.  Twenty-five  untreated  controls  showed  84%  failure, 
4%  sound,  and  12%  badly  infected  in  one  year.  All  had  failed  at  the  end  of 
the  second  year.  Twenty  specimens  were  used  for  each  retention  of  the 
individual  preservatives,  with  the  exception  of  the  creosote.  The  reason  for 
fewer  creosote  specimens  within  the  correct  retention  is  that  the  empty- 
cell  treatments  of  wood  with  creosote  give  a  wider  range  of  retention  than  the 
full-cell  treatments  of  the  wood  with  water  solutions  of  the  salts. 


Twenty  Four  Week- 


Table  4 
-Wood  Soil  Assay  of  Greensalt 
Wood  Destroying  Fungi 


'0"  Using  13  Species  of 


Poria  incrassala  (16  wks) , 

BT.L.  U-11 

Polyponis  vaporarius .... 

Lenzites  trabea 

Coniophora  cerebella 

Trametes  serialis 

BT.L.  U-4 

Polvporus  anceps 

B.f.L.  U-53 

BT.L.  U-24 

Lenzites  sepiaria 

Poria  micros pora 

Fames  roseus 

Lentinus  lepideiis 


Toxicity  Index* 


1.17  Ibs/cu.ft.       0.96  Ibs/cu.ft.      0.476  Ibs/cu.ft. 


94 

98 

98 

98 

98 

98 

100 

100 

100 

100 

100 

100 

100 

100 


68 

25 

88 

62 

93 

55 

96 

94 

98 

98 

98 

98 

98 

98 

98 

98 

99 

98 

99 

98 

100 

98 

100 

98 

100 

100 

100 

100 

*  Toxicity  Index  = 


%  loss  of  norm  —  %  loss  of  treated  block 
%  loss  of  norm 


X  100. 


In  the  three-year  period  of  exposure  only  the  treatments  of  wood  with  1 .3 
pounds  of  copper  arsenate  and  7  pounds  of  creosote  per  cubic  foot  showed  a 
perfect  record.  Copper  arsenate  had  previously  been  shown  to  be  a  very 
efifective  component  of  the  Greensalt  complexes  when  tested  by  the  soil- 
contact  method.  Mixture  2  was  found  to  be  the  poorest  by  soil-contact 
assay  and  also  in  the  field  trials.  Mixtures  4,  1,  and  3  were  rated  in  that 
order  of  decreasing  effectiveness  in  the  field  test.  In  the  soil-contact  assays 
at  comparable  retention,  0.72  and  0.80  pound  of  salt  per  cubic  foot  of  wood, 
respectively,  mixture  4  was  better  than  1;  and  at  0.41  and  0.35  pound  of 
salt  per  cubic  foot  of  wood,  respectively,  compound  1  was  slightly  better 
than  3,  especially  against  Poria  incrassala. 

Results  from  field  and  laboratory  tests  show  good  agreement  in  the  evalu- 
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ation  of  the  compounds.  The  advantage  of  the  laborator>'  method  in  the 
matter  of  time  is  a  decided  one,  but  the  field  trial  is  valuable  for  testing  the 
permanence  of  the  preservative.  For  example,  mixture  4  was  found  in  the 
laborator}-  test  to  be  a  very  effective  preservative,  but  the  initial  preserva- 
tive properties  were  dissipated  by  exposure  to  the  weather,  since  50%  of  the 

FAILED  2H  I!<"^ECTE;D   Q3  SOUND    Q^  ^OT    EXPOSED  [^ 


GREENSALT  CU 

K.  ARSENATE 


MIXTURES 


RETENT     -* 
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?  5 


0.17  0.7  0.7  0.8 


0.7  1.4 


2     3  12    3 


Fig.  10— Results  of  field  exposures  on  the  four  mixtures  of  Table  3  and  other  compounds 
creosote,  Greensalt  K,  copper  arsenate  (retent  in  pounds  per  cuImc  foot). 

specimens  had  to  be  removed  because  of  failure  within  three  >-ears.  When 
a  compound  is  a  poor  preservative,  as  in  the  case  of  mixture  2.  both  labora- 
tory and  field  trials  ser\'e  to  eliminate  it  from  further  consideration.  By  the 
soil-contact  method  every  specimen  treated  with  mixture  2  was  badly 
attacked  by  all  the  organisms  used,  whereas  at  a  comparable  retention  only 
35%  of  the  specimens  in  the  field  trials  had  failed  after  three  years'  exposure. 
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Since  these  results  indicate  that  the  soil-contact  provides  optimum  conditions 
for  decay,  the  laboratory  method  serves  as  a  means  of  quickly  eliminating 
inferior  preservatives  and  minimizing  the  number  for  field  studies. 

Summary 

The  soil-contact  method  described  in  this  paper  has  been  shown  to  be  a 
valuable  laboratory  tool  for  the  study  of  fungus  destruction  of  cellulose  and 
wood  and  for  the  determination  of  the  value  of  wood  and  cellulose  preserva- 
tives. 

Top  soil  containing  20  to  25%  moisture  on  a  dry-weight  basis,  when  used 
as  a  supporting  substrate  for  decaying  wood,  proved  to  be  an  excellent  means 
controlling  the  moisture  content  of  wood  during  the  decay  process.  In- 
vestigation showed  that  the  optimum  moisture  content  for  initiating  the 
decay  of  wood  was  fiber  saturation.  It  also  was  found  that  during  decay 
the  initial  water  content  of  the  wood  remained  constant,  through  main- 
tenance of  a  constant  volume  of  the  wood  structure  despite  loss  of  wood  sub- 
stance. 

Experiments  with  various  combinations  of  nutrients  and  nutrilites  added 
to  artificial  soil  showed  the  importance  of  these  materials  in  decay  studies. 
The  need  for  nitrogen  in  the  destruction  of  cellulose  by  fungi  was  confirmed. 
Lack  of  wood  decay  in  the  presence  of  a  sugar  when  there  is  also  a  deficiency 
of  nitrogen  presents  an  interesting  problem  the  explanation  of  which  may 
throw  considerable  light  on  discrepancies  in  many  test  procedures.  Com- 
parison of  results  with  nutrient  artificial  soils  and  an  average  top  soil  in- 
dicates the  possibihty  of  employing  a  standard  artificial  soil  in  the  contact 
test  method. 

The  optimum  temperature  for  most  wood-destroying  fungi  tested  was 
found  to  be  26°-28°C.  Decay  occurred  over  a  wider  range  of  temperature 
in  soil-contact  tests  than  in  petri  dish  tests. 

It  was  found  that  decay  was  much  more  uniform  and  more  rapid  in  the 
soil-contact  method  than  in  other  laboratory  methods  or  in  field  trials. 
There  is  a  large,  single,  vigorous  inoculum  in  the  soil-contact  laboratory 
method,  while  in  the  field  antagonism  between  wood-destroying  organisms 
and  the  other  flora  and  fauna  of  the  soil  frequently  checks  the  decay  process. 

Toxicity  studies  based  on  petri  dish  assays  showed  that  the  amount  of  a 
compound  tolerated  by  several  fungi  varies  considerably.  Petri  dish  assays 
of  toxic  materials  are  often  misleading.  Generally,  higher  retentions  of  the 
preservatives  are  needed  to  prevent  decay  than  are  indicated  by  petri  dish 
assay.  Occasionally,  a  material  which  performs  poorly  in  the  petri  dish 
test  will,  however,  act  as  a  satisfactory  preservative  of  cellulosic  derivatives 
in  both  soil-contact  and  field  tests. 

Field  trials  of  preservatives,  though  in  general  less  rapid,  confirm  the 
results  of  the  soil-contact  method  and  in  addition  determine  the  degree  of 
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permanence  of  the  preservative.  However,  heating,  leaching  and  other 
simulated  weathering  cycles  may  be  used  in  conjunction  with  the  soil- 
contact  method  to  determine  the  stability  of  a  preservative  to  evaporation, 
to  the  solvent  action  of  ground  water,  and  to  chemical  deterioration  by  ultra- 
violet light.  Futher  comparisons  between  soil-contact  assay  and  field  test 
of  a  wood  preservative  such  as  Greensalt  confirms  the  fact  that  conditions 
for  decay  are  more  nearly  optimum  in  the  former  and  result  in  an  unusually 
severe  test  of  the  preser\'atives. 

The  soil-contact  method  is  an  excellent  laboratory  tool  easily  adapted  to 
fundamental  studies  of  the  decay  process  and  to  evaluation  of  preservatives. 
The  method  has  shown  considerable  promise  in  evaluating  preservatives  for 
a  wide  variety  of  materials,  including  leather,  cotton,  felt,  paper  and  jute. 
Since  the  factors  influencing  decay  are  very  near  optimum  in  the  soil-contact 
method,  any  preser\'ative  that  prevents  decay  in  this  laborator\^  test  and  is 
permanently  retained  will  be  effective  under  any  climatic  conditions. 
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X-Ray  Studies  of  Surface  Layers  of  Crystals 

By  ELIZABETH  J.  ARMSTRONG 

1.    Introduction 

WHEN  a  crystalline  substance  is  sawed,  ground,  lapped  or  polished,  the 
crystal  structure  adjacent  to  the  worked  surface  is  distorted  and  rup- 
tured. Since  the  selective  diffraction  of  X-rays  by  a  crystal  is  a  result  of  the 
orderly  arrangement  of  the  planes  of  atoms  of  the  crystal,  disturbance  of  this 
arrangement  is  detectable  by  X-ray  diffraction. 

Research  on  aging  of  quartz  oscillator  plates  seems  to  indicate  that  changes 
which  are  accelerated  by  high  humidity  take  place  in  this  disturbed  material 
resulting  in  changes  in  the  frequeny  and  activity^  of  the  crystal  plate.  A 
knowledge  of  the  nature  and  extent  of  this  disturbed  layer  is  essential  to  an 
understanding  of  the  changes  that  are  taking  place  in  it  and  may  contribute 
to  the  improvement  of  the  quality  of  crystal  plates,  apart  from  the  problem 
of  aging. 

The  purpose  of  this  paper  is  to  present  a  review  of  X-ray  techniques  that 
have  been  or  may  be  useful  tools  for  the  examination  of  the  nature  of  the 
surface  layers  of  crystals.  Each  technique  is  also  discussed  from  the  stand- 
point of  the  kind  of  evidence  which  it  seem  best  suited  to  bring  to  light. 
Familiarity  with  the  general  principles  of  X-ray  diffraction  as  outUned  in 
this  Journal,  volume  xxii,  number  3,  pages  293  and  297,  is  assumed. 

It  has  long  been  known  that  the  nature  of  the  surface  preparation  "of  a 
crystalline  substance  affects  the  intensity  of  the  reflected  X-rays.  As  early 
as  1913,  about  a  year  after  the  first  X-ray  diffraction  experiments  with 
crystals,  de  Broglie  and  Lindemann-  noticed  that  the  spots  in  Laue  photo- 
graphs of  certain  crystals  were  inhomogeneous  and  suggested  the  interpreta- 
tion that  the  darker  parts  of  the  spots  might  result  from  disturbed  material. 
A.  H.  Compton*,  using  a  double  crystal  spectrometer  in  1917,  found  that  the 
reflection  from  a  ground  surface  of  a  calcite  crystal  was  three  times  that  from 
a  cleavage  face. 

1  One  plate  is  said  to  have  greater  activity  than  another  similar  plate  if  its  amplitude  of 
oscillation  is  greater  when  the  two  are  tested  under  identical  conditions.  The  activity  of  a 
plate  is  reduced  by  friction  with  its  mountings  or  with  particles  on  its  surface,  either  of 
quartz  or  of  a  foreign  material. 

2  de  Broglie,  M.  and  Lindemann,  F.-A.,  "Sur  les  P/ienomenes  Optiques  Presentes  par  les 
Rayons  de  Rdntgen  Renconiranl  des  Milieux  Crislallins,  Comples  Rendus,  156  (1913),  pp. 
1461-1463. 

^  Compton,  A.  H.,  "T/ie  Reflection  Coefficient  of  Monochromatic  X-Rays  from  Rock  Salt 
and  Calcite,"  Pliys.  Rev.,  10  (1917j,  pp.  95-96. 
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The  explanation  of  the  higher  intensity  of  reflection  from  the  disturbed 
surface  lies  in  the  fact  that  the  rays  of  the  incident  X-ray  beam,  coUimated 
by  a  pair  of  slits,  are  not  perfectly  parallel,  but  diverge,  meeting  the  cr}'stal 
plate  at  various  angles,  whose  range,  depending  on  the  geometry  of  the  slits, 
is  usually  about  15  to  25  minutes  of  arc.  If  the  surface  regiln  of  the  cr>'stal 
plate  is  undisturbed  only  a  very  small  part  of  the  incident  beam  will  meet  the 
crystal  at  the  Bragg  angle  for  X-ray  reflection.  If,  however,  some  of  the 
quartz  has  been  disturbed  it  will  have  a  variety  of  orientations  with  respect 
to  the  main  crystal  structure  and  the  various  disturbed  bits  of  quartz  will  be 
at  the  Bragg  angle  for  the  various  divergent  rays  of  the  incident  X-ray  beam. 
In  this  way  more  of  the  incident  beam  is  reflected  by  a  disturbed  crj'stal 
surface  than  by  an  undisturbed  crystal  surface.  The  disturbed  material 
measured  by  this  technique  differs  in  orientation  from  that  of  the  main  plate 
by  not  more  than  a  few  minutes  so  that  even  this  disturbed  material  uses 
only  a  small  sector  of  the  divergent  incident  beam.  Surface  particles  mis- 
oriented  by  larger  angles  are  not  numerous  enough  to  reflect  X-rays  into  the 
ionization  chamber  with  measurable  intensity. 

An  alternative  interpretation  of  the  higher  intensity  of  reflection  from  the 
disturbed  material  should  be  mentioned  although  it  has  little  practical  signif- 
icance. Consideration  of  the  Bragg  equation,  n\  =  2d  sin  6,  will  show  that 
a  range  of  d  values  would  make  it  possible  for  a  range  of  6  values  to  satisfy 
the  equation.  If,  therefore,  there  were  some  variability  in  the  spacing,  d, 
between  the  atomic  planes  from  which  the  X-rays  were  being  reflected,  re- 
flection would  take  place  over  a  corresponding  range  of  angles  of  incidence.^ 
Such  variability  in  d  spacing  would  be  a  result  of  lattice  distortion.  It  would 
generally  be  accompanied  by  misorientation  and  therefore  its  consideration 
as  a  phenomenon  distinct  from  misorientation  becomes  rather  academic. 
The  disturbance  will  therefore  be  spoken  of  as  misorientation  although  it 
probably  also  involves  small  changes  in  d  spacing. 

Measurable  lattice  distortion  can  be  produced  by  other  means  than  surface 
working.  The  reflection-intensity  of  an  etched  plate  is  increased  three  or 
four  times  if  the  plate  is  strained  by  bending  during  the  reflection  of  the  X- 
ray  beam.  When  the  pressure  on  the  plate  is  released  the  reflection-intensity 
resumes  its  former  value.  The  distortion  produced  by  unequal  pressures  on 
the  plate  results  in  the  heterogeneity  of  orientation  which  makes  possible  the 
use  of  a  larger  part  of  the  incident  beam,  resulting  in  higher  reflection-inten- 
sity. When  lapped  plates  are  similarly  deformed  the  increase  in  reflection-in- 
tensity is  less  since  some  heterogeneity  of  orientation  already  exists.  As 
would  be  expected,  the  efi'ect  of  the  deformation  is  progressively  less  with 

^  Consideration  of  the  known  compressibility  and  tensile  strength  of  quartz  indicates 
that  the  maximum  change  in  d  spacing  which  could  be  obtained  would  be  of  the  order  of 
0.1%.  For  small  values  of  6  the  change  in  6  for  this  d  change  would  also  be  0.1%,  increas- 
ing, with  larger  d  values  to  about  0.2%  at  0  =  70°. 
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increasing  grain  size  of  the  abrasive  with  which  the  surface  of  the  plate  was 
lapped. 

2.1     The  Single  Crystal  Spectrometer 

The  single  crystal  spectrometer  is  used  for  X-ray  measurement  of 
the  orientation  of  quartz  oscillator  plates.  In  this  instrument  slit-coUimated 
X-rays  are  reflected  from  a  crystal  into  an  ionization  chamber  and  the  rela- 
tive intensity  of  the  reflected  X-rays  is  read  from  a  meter  showing   the 
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Fig.  1. — X-Ray  spectra  from  a  rhodium  target  at  23  and  40  kilovolts. 
purity  present.     (Adapted  from  Siegbahn,  Spectroscopy  of  X-Rays). 


Ruthenium  im- 


amplified  current  resulting  from  the  ionization  of  the  gas  in  the  chamber  by 
the  X-rays.  Since  the  reflected  white  radiation  is  too  weak  to  cause  a  meas- 
urable amount  of  ionization,  only  the  reflected  characteristic  radiation  is 
measured  by  the  ionization  chamber.  For  most  purposes  a  copper-target 
tube  is  used  and  the  /3  radiation  (comparable  to  Rh^  of  Fig.  1)  is  eliminated  by 
a  selective  filter  so  that  only  the  a  radiation  is  used,  the  X-rays  thus  being 
essentially  "monochromatic". 

Three  different  techniques  for  examining  surface  layers  of  crystals  with 
the  single  crystal  spectrometer  will  be  described.     Two  of  these  employ 
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photographic  films  or  plates  in  addition  to  the  ionization  chamber  for  meas- 
uring the  reflected  rays. 

2.2    Reflection- Intensity    Measurements    on  the    Single   Crystal 
Spectrometer  with  the  Ioniz.vtion  Chamber  (Fig.  2) 

Working  with  the  single-crystal  spectrometer,  Bragg,  James  and  Bosan- 
quet*  found  the  reflection-intensity  from  a  ground  face  of  rock  salt  two  to 
four  times  that  from  a  cleavage  face.  Dickinson  and  Goodhue*  found  the 
reflection-intensity   from   ground   faces   of   sodium    chlorate   and    sodium 
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Fig.  2. — Single  crj'stal  spectrometer 

bromate  twice  that  from  the  natural  face.  Sakisaka'  found  the  reflection- 
intensity  from  a  quartz  plate  lapped  with  ^30  carborundum  2:}  times 
that  from  a  plate  lapped  with  very  fine  emery,  which,  in  turn,  was  twice  that 
from  an  etched  plate.  Recent  measurements  by  the  writer  have  shown  that 
the  reflection-intensity  of  an  etched  surface  increases  with  progressive  lap- 
ping and  that  of  a  ground  surface  decreases  with  progressive  etching  as  shown 
in  Fig.  3.  In  these  figures  the  reflection-intensity  is  given  in  terms  of  the 
ratio  of  the  intensity  from  the  test  plate  to  that  from  a  standard  plate  of  the 
same  cut,  etched  20  minutes  following  fine  lapping.  The  initial  rate  of  in- 
crease of  intensity- ratio  with  lapping  or  decrease  with  etching  is  very  high. 

This  technique  would  be  most  useful  in  sample-testing  groups  of  plates  to 
check  whether  they  had  been  inadequately  etched  or  whether  any  lapping  at 
all  had  occurred  after  etching.     (In  either  case  the  plate  would  be  subject  to 

^  Bragg,  W.  L.;  James,  R.  W.  and  Bosanquet,  C.  H.;  "The  Intensity  of  Reflexion  of 
X-Ravs  by  Rock  Salt,"  Part  I.  Phil.  Ma^.  41  (1921)  pp.  309-337;  Part  11,  Phil.  Mas.  42 
(1921)  pp.  1-17. 

"'Dickinson,  R.  G.  and  Goodhue,  E.  A.;  "The  Crystal  Structure  of  Sodium  Chlorate 
and  Sodium  Bromate,"  Joi<r.  Amer.  Chem.  Soc.  43  (1921)  pp.  2045-2055. 

'  Sakisaka,  Y.;  "The  Effects  of  the  Surface  Conditions  on  the  Intensity  of  Reflexion  of 
X-Rays  by  Quartz,"  Japanese  .Tour.  Phvs.  4  (1927)  pp.  171-181. 
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aging.)  Although  a  plate  lapped  with  180  carborundum  can  be  easily  dis- 
tinguished from  one  lapped  with  303^  emery  by  a  comparison  of  intensity 
ratios,  plates  lapped  with  nearly  similar  abrasives  cannot  be  distinguished 
with  certainty,  except  on  a  statistical  basis. 

That  the  disturbed  material  measured  by  this  technique  differs  in  orienta- 
tion from  that  of  the  main  plate  by  less  than  a  few  minutes  is  shown  by  the 
fact  that  the  range  of  incident  angles  over  which  ionization-detectable  X-ray 
reflection  takes  place  from  a  lapped  crystal  plate  is  the  same  within  the 


REVOLUTIONS    OF   PLATE  ON    LAP 
15        20       25       30        35       40       45 


50   55   60 


30   40   50   60   70   80   SO 
ETCHING  TIME  IN  SECONDS 

Fig.  3. — Effect  on  reflection-intensity  produced  by  lapping  on  etched  plate  with  303^ 
emery  and  soap  solution  and  by  etching  the  lapped  plate  with  48%  hydrofluoric  acid  at 
25°C. 

limits  of  error  of  measurement  as  that  for  reflection  from  an  etched  crystal 
plate. 

2.3    Photographic  Measurement  of  Angular  Misoreentatiox  with 
THE  Single  Crystal  Spectrometer 

A  technique  which  does  indicate  quartz  misoriented  by  more  than  a  few 
minutes  has  been  devised  by  Dr.  C.  J.  Davisson.  Although  the  X-rays 
reflected  from  this  material  are  too  weak  to  produce  a  measurable  current  in 
the  ionization  chamber,  they  will  darken  a  photographic  plate  or  film  if  ade- 
quate exposure  time  is  allowed.  The  principles  of  this  technique  are  illus- 
trated in  Fig.  4  and  some  of  the  resulting  photographs  are  shown  in  Figs. 
5  and  6. 

The  plate  to  be  measured  is  placed  at  the  Bragg  angle  to  the  incident  X- 
rays  as  determined  by  preliminary  measurement  of  the  maximum  ionization 
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current  produced  in  the  ionization  chamber  which  is  at  twice  the  Bragg  angle 
to  the  incident  beam.  A  fihn  in  a  paper  envelope  is  then  placed  before  the 
ionization  chamber  in  a  holder  which  permits  a  small  portion  of  it  to  be  ex- 
posed at  a  time.  A  brief  (5  or  10-second)  exposure  is  then  made  with  the 
crystal  plate  in  this  "zero  position",^  (see  Figs.  4  and  5),  recording  the  strong 
characteristic  radiation  reflected  from  the  main  crystal  plate.     At  the  same 
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Fig.  4. — Spectrometer  photography  of  misoriented  crystalline  material 


time  the  weak  white  radiation  is  being  reflected  from  the  disturbed  material, 
but  this  radiation  is  relatively  so  weak  and  the  disturbed  material  of  such 

*  To  check  the  correctness  of  the  "zero"  setting,  a  "rocking"  exposure  is  taken,  during 
which  the  plate  is  rocked  through  the  Bragg  angle.  The  upper  half  of  the  beam  should  be 
shielded  for  the  "zero"  ex]iosure  and  the  lower  half  for  the  "rocking"  exposure  so  that  the 
film  need  not  be  moved  between  the  two  exposures.  In  the  "rocking"  exposure  the  beam 
is  reflected  during  only  a  fraction  of  the  exjiosure  time  and  because  the  ex|3osure  is  so  brief 
only  the  reflection  of  the  strongest  part  of  the  incident  beam  (the  part  that  is  going  to  pro- 
duce the  reflections  in  later  exposures)  is  recorded.  In  the  "zero"  exposure  the  crystal 
plate  may  have  been  set  so  as  to  reflect  the  divergent,  weaker  rays  of  the  beam  which  may 
differ  in  direction  from  the  strong  part  of  the  beam  by  as  much  as  15  minutes.  The  terms 
"stronger"  and  "weaker"  do  not  refer  here  to  characteristic  and  white  radiation,  but  to 
parts  of  the  beam  that  have  more  or  fewer  X-rays  due  to  the  geometry  of  the  collimating 
system  with  relation  to  the  target. 
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relatively  small  volume  that  the  reflection  does  not  noticeably  darken  the 
photographic  film  in  five  seconds.  Successive  ten-minute  exposures  are  then 
taken  with  the  crystal  plate  turned  at  successively  greater  angles  from  the 
zero  position.  At  any  given  angle  the  disturbed  quartz  that  has  thus  been 
brought  into  the  proper  position  to  reflect  the  characteristic  radiation  does  so, 
producing  a  center  line  on  the  film  whose  intensity  is  roughly  proportional  to 
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Fig.  vS. — Spectrometer  photograph  of  BT  quartz  plate  lapped  with  3()-H  emery 

the  volume  of  quartz  misoriented  to  this  angle.  \'arious  wave-lengths  of 
the  white  radiation  will  satisfy  the  Bragg  equations  for  various  atomic  planes 
of  the  main  plate  at  each  angular  position  and  will  be  reflected  to  other  posi- 
tions on  the  film.  Although  the  incident  white  radiation  is  relatively  weak 
the  reflected  beams  are  strong  enough  to  darken  the  film  in  ten  minutes  be- 
cause rays  reflected  from  the  main  plate  are  reflected  by  a  much  greater 


SLRIACE  LAYERS  OF  CRYSTALS 


143 


\()lume  of  quartz  than  are  rays  reflected  from  the  disturbed  layer.  The 
stront^est  of  these  "white"  reflections  from  the  main  plate  is  that  from  the  set 
of  atomic  planes  most  nearly  parallel  to  the  surface  of  the  plate,  the  planes 
that  reflected  the  characteristic  radiation  in  the  zero  position. 
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Fig.  6.— Sijcctrometer  photographs  showing  effect  of  etching  a  303^  emery-lapped  BT 
quartz  plate  with  48"^  h>drotiuoric  acid 

In  Fig.  5,  the  central  line  (indicated  by  the  arrow)  resulting  from  the  char- 
acteristic radiation  reflecting  from  the  disturbed  quartz,  is  distinctly  present 
through  the  4°  exposure  but  not  in  higher-angle  exposures,  indicating  that  in 
the  3(lU  emer}'-lapped  surface  from  which  the  X-ra\-s  were  reflected  there 
was  not  enough  quartz  misaligned  by  more  than  4°  to  reflect  a  beam  that 
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would  visibly  affect  a  photographic  film  during  a  ten-minute  exposure.  The 
dark  line  that  moves  to  the  right  as  the  negative  angular  rotation  increases 
results  from  the  reflection  of  progressively  longer  wave-lengths  from  the 
quartz  of  the  main  plate.  The  three  series  of  exposures  in  Fig.  6  show  the 
progressive  removal  of  the  disturbed  quartz  by  etching  with  48%  hy- 
drofluoric acid.  After  ten  seconds'  etching  the  line  from  the  disturbed 
material  does  not  show  distinctly  beyond  the  1°  30'  position;  after  20  seconds' 
etching  it  is  distinct  only  through  the  1°  00'  position  and  after  40  seconds  it 
can  only  be  seen  distinctly  at  the  30'  position.  If  the  film  had  been  ex- 
posed for  a  longer  time  at  each  position  the  line  from  the  disturbed  material 
at  each  angle  would  have  persisted  with  longer  etching.     With  the  arbitrarily 


Fig.  7. — Photograph  produced  1)\   rcilcciion  m  a  broad  X-ray  beam  from  the  (100) 
cleavage  face  of  a  rock  sail  cr\stal  (Berg) 

chosen  ten-minute  exposures  a  line  from  material  misoriented  b}'  45'  dis- 
appears after  about  25  seconds'  etching  with  48%  hydrofluoric  acid,  but  the 
disappearance  of  the  30'  line  occurs  only  after  70  seconds'  etching,  which 
removes  an  amount  of  quartz  equivalent  in  weight  to  a  layer  about  four- 
tenths  of  a  micron  thick  on  each  surface. 

With  this  technique  we  are  measuring  the  more  grossly  misoriented  sur- 
face material,  material  that  is  probably  not  continuous  with  the  quartz  of 
the  main  plate.  This  is  evident  from  the  fact  that  a  piece  of  quartz  would 
have  to  have  a  length-thickness  ratio  of  26  to  1  to  take  a  3°  deflection  without 
breaking  and  the  microscopic  evidence  does  not  indicate  the  presence  of  any 
such  long,  thin  pieces  of  quartz  attached  to  the  plate. 
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A1i1h)U,<j;1i  about  a  liair-miiiuk''s  c'l(hiii<i;  with  IS'  ,  liydrolluoric  acid  rc- 
moNX's  all  (juart/  niisoricnted  In-  more  than  45',  (|uarl/,  misoriciUcd  by  a 
smaller  angle  than  this  is  not  entirely  removed  b}-  more  than  an  hour's  etch- 
ing, as  indicated  by  {photographs  taken  with  X-rax'S  passing  through  the 
plate,  a  technique  to  be  described  later  in  this  paper.  The  ionization  cham- 
ber and  amplifier  are  not  sensitive  enough  to  register  the  reflection  from  the 
small  amount  of  this  material  left  after  two  minutes'  etching. 

The  disappearance  of  the  more  widely  misoriented  material  in  the  earlier 
stages  of  etching  may  mean  either  that  this  material  is  j)referentially  removed 
or  that  there  is  uniform  removal  of  all  the  misoriented  material  with  the  con- 
secjuent  disa})})earance  of  that  which  is  smallest  in  amount.  (ieiger-Miiller 
counter  measurements  of  the  mtensity-distribution  of  the  reflections  from 
the  misaligned  material  at  various  angles  at  the  various  stages  of  etching 
would  indicate  which  of  the  two  alternatives  is  true.  These  measurements 
are  being  made  by  Davisson  and  Haworth,  but  are  not  yet  complete. 

2.4    Photography  of  the  Disturbed  Surface  with  a 
Broad  X-Ray  Beam 

A  second  photographic  method  with  the  single-crystal  spectrometer,  used 
by  Berg  in  193  P,  Gogoberidze  in  1940^",  and  others  involves  the  reflection  of 
a  broad  monochromatic  beam  from  an  appreciable  area  of  the  crystal  surface 
(placed  at  the  Bragg  Angle,  6)  onto  a  photographic  plate  or  film  placed  paral- 
lel to  the  crystal  face.  The  different  reflection-intensities  from  the  variously 
disturbed  parts  of  the  surface  of  the  crystal  plate  darken  the  film  differently, 
giving  a  map-like  picture  of  the  distribution  of  different  degrees  of  dis- 
turbance over  the  surface  of  the  plate.  One  picture  produced  in  this  way  by 
Berg  is  reproduced  in  Fig.  7.  The  thin  white  cross  and  circle  are  reference 
marks  scratched  on  the  surface  of  the  rock-salt  crystal,  the  lines  being  parallel 
to  the  cube  edges.  The  two  sets  of  sub-parallel  streaks  are  the  traces  of  do- 
decahedral  { 101 }  planes  and  "show  that  the  crystal  structure  in  these  places 
differed  from  the  ideal  lattice".  They  are  interpreted  as  slip  planes  (store- 
benen)  in  the  crystal.  C.  S.  Barrett"  has  recently  refined  this  technique  and 
broadened  its  application  to  the  study  of  a  wide  variety  of  metallurgical 
problems. 

The  application  of  this  technique  to  the  study  of  quartz  surfaces  might 
provide  useful  information  on  disturbance  distribution  which  is  not  furnished 
by  the  other  techniques. 

■'  Berg,  Wolfgang,  "Ubcr  cine  rontenographischc  Mcthode  zur  fntcrsuchung  von 
Gittcrstorungcn  an  Kristallen,"  .\iilun.'issrnscli(iftcn  19  (1<).U),  pp.  3')l-v5%. 

"' Gogoljeridzc,  D.  H.,  "Investigation  of  Surface  Structure  of  Crystals  by  Means  of 
Reflection  of  a  Monochromatic  X-Ray  Beam,  Jour.  Exp/l.  Pliysic.'i,  I'.S.S.R.  10  (1940)  p. 
96  (in  Russian). 

"  C.  S.  Barrett;  "A  New  Microscopv  and  Us  I'dtentialities,"  .\fit,ils  Teclnwlo'^y, 
April,  1945. 
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3.1     The  Double  Crystal  Spectrometer 

In  the  double  crystal  spectrometer  (Fig.  8),  X-rays  reflected  from  a  crystal 
plate  are  again  reflected  from  a  second  crystal  plate  into  the  ionization  cham- 
ber. Their  intensity  is  indicated  by  a  meter  showing  the  amplified  ioniza- 
tion current,  as  in  the  case  of  the  single  crystal  spectrometer.  The  divergent 
white  rays  from  the  collimating  slits  are  reflected  from  crystal  plate  A  as 
shown  in  Fig.  8:  those  of  longer  wave-length  at  higher  angles  and  those  of 
shorter  wave-length  at  lower  angles  in  accordance  with   Bragg's  law.     If 


nX  =  2d  SIN  e 


|9lK  \        CRYSTAL 

Q    \        PLATE 


ACTION  OF   CRYSTAL   A  '^2 


ACTION   OF    A    AND   B    TOGETHER 

Fig.  8.— Double  crystal  spectrometer,  parallel  position.    Si  and  S2  are  collimating  slits 

crystal  plates  A  and  B  are  placed  so  that  similar  sets  of  atomic  planes  in  the 
two  plates  are  parallel,  the  same  rays  that  were  reflected  from  plate  A  will 
also  reflect  from  plate  B  as  shown  in  Fig.  9  since  each  ray  will  meet  this  plate 
at  the  particular  angle,  d,  which  will  satisfy  Bragg's  law  for  that  wave-length 
for  the  atomic  planes  in  question. 

If  plate  B  is  rotated  a  few  seconds  away  from  this  position,  however,  and 
if  the  crystal  is  perfect,  the  conditions  for  reflection  are  destroyed  for  all  rays 
so  that  no  X-rays  enter  the  ionization  chamber.  However,  a  plate  with  a 
surface  laver  of  misoriented  crvstal  material  will  still  reflect  when    thus 
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rotated  l)ecause  tlic  misoricMiled  parlick's  will  lie  hniut^'lit  into  llic  rclli'i  tinj^ 
position  as  the  main  plate  is  turned  away  from  it.  Ilie  farther  the  main 
l)lale  is  turned  from  the  reflecting  position,  the  weaker  will  he  the  reflected 
radiation  because  less  f|uart/,  will  he  misoriented  to  this  an^de.  In  this 
respect  the  double  crystal  spectrometer  technifjue  is  similar  to  ('.  J.  Da- 
visson's  photographic  technique,  but  is  measurinjf  much  smaller  angular  rota- 
tion and  higher  reflection-intensity.  A  curve  of  the  variation  of  reflection- 
intensity  with  angular  rotation  of  the  B  crystal  plate  for  two  diff'erently 
linished  crystal  plates  measured  by  Davis  and  Stempel'-  is  shown  in  Fig.  9 
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Fig.  9. — Double  crystal  spectrometer  rocking  curves 


The  higher  reflection-intensity  at  the  "zero  angle"  and  the  ver>-  rai)id  de- 
crease of  intensity  as  the  plate  is  turned  away  from  this  position  show 
that  the  untouched  surface  is  less  disturbed.  The  lower  reflection-intensity 
at  the  "zero  angle"  and  the  less  rapid  decrease  of  intensity  as  the  plate  is 
turned  away  from  this  position  show  the  polished  surface  to  be  more  dis- 
turbed. The  width  of  such  "rocking"  curves  at  half-ma.\imum  (as  .\  -x'  and 
Y-Y'  in  Fig.  9)  has  often  been  taken  as  a  measure  of  perfection  of  the  reflec- 

"  Davis,  B.  and  Stempel,  W.  M.,  "\n  F.xi)crinienlal  Study  of  the  Rellection  of  X-Rays 
from  Calcite,"  Pliys.  Rev.  17  (1921)  |)p.  608-623. 
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ting  crystal.  Hozorth  and  Haworth^''  made  such  measurements  for 
variously  prepared  surfaces  of  Cjuartz  and  found  that  the  rocking-cur\-e  width 
at  half-maximum  was  least  for  etched  plates,  the  smallest  width  measured 
being  1.7  seconds.  The  greatest  rocking-cur\-e  width  measured  was  88 
seconds  for  which  both  crystal  plates  (A  and  B,  Fig.  8)  were  lapped  with 
lOO-mesh  carborundum.  Bozorth  and  Haworth  also  showed  that  the 
rocking-curve  width  decreased  very  rapidly  in  the  initial  stages  of  etching 

With  this  technique  we  are  measuring  the  angular  frequency  distribution 
of  the  disturbed  material  that  was  detected  with  the  intensity-ratio  measure- 
measurements  with  the  single  crystal  spectrometer.  Thus,  with  the  rocking 
curve,  we  show  the  intensity  for  each  angle  of  incidence  separately,  but  with 
the  single  crystal  spectrometer  we  measure  the  intensity  for  a  relatively  wide 
range  of  angles  of  incidence  at  one  measurement,  which  is  the  integrated  in- 
tensity under  the  double  cr}'stal  spectrometer  rocking  curve. 

None  of  this  small-angle  disturbance  is  detectable  by  the  Davisson  photo- 
graphic technique  because  at  small  angles  the  reflected  rays  are  too  close  to 
those  from  the  main  plate  and  become  confused  with  them  on  the  tilm.  Con- 
versely, none  of  the  material  detected  by  the  Davisson  photographic  tech- 
nique is  detectable  by  this  technique  because  the  intensity  of  the  reflected 
rays  from  large-angle  disturbance  is  not  great  enough  to  produce  a  meas- 
urable current  in  the  ionization  chamber. 

Together,  these  various  measurements  indicate  a  relatively  large  amount 
of  quartz  misoriented  by  less  than  a  minute  and  a  smaller  amount  of  quartz 
misoriented  by  larger  angles  up  to  three  or  four  degrees. 

The  use  of  a  photographic  film  in  place  of  the  ionization  chamber  in  the 
double  crystal  spectrometer  would  presumably  permit  the  precise  measure- 
ment of  the  smaller  amount  of  material  misoriented  by  more  than  that  now 
measured  with  this  instrument,  as  in  the  Davisson  technique  with  the  single 
crv^stal  spectrometer.     This  has  not,  to  the  writer's  knowledge,  been  done. 

4.1     The  Traxsmissiox  Laue  Camera 

In  the  transmission  Laue  camera  (see  Fig.  10)  a  beam  comprising  a  large 
range  of  wave-lengths  is  passed  through  a  stationary  plate.  \'arious  sets  of 
atomic  planes  in  the  cr}-stal,  each  with  a  difTerent  interplanar  spacing,  d. 
making  a  variety  of  angles,  d,  with  the  incident  beam,  reflect  whatever  wave- 
lengths of  radiation  in  the  incident  beam  satisfy  the  Bragg  equation,  ;/X  = 
2d  sin  d,  and  the  reflected  beams  are  recorded  photographically.  Figure  11 
shows  films  resulting  from  one-hour  exposures.  As  in  the  case  of  the  single- 
crystal  spectrometer,  the  slit-col limated  beam  comprises  non-parallel  rays, 

!■<  Bozorth,  R.  M.  and  Hawoith,  F.  K.,  "The  Perfection  of  Quartz  and  Other  Crystals 
and  Its  Relation  to  Surface  Treatment."  Phys.  Rev.  45  (1934)  p.  821-826;  Bell  Telephone 
System  Technical  Publications  Monograph  H-801. 
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Fig.  10.— Section  of  transmission  Lane  camera.     Si  and  S .  are  coUimating  slits 
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Fig.  11. -Transmission  Laue  ,)hotographs  of  a  4  mm.-thick  BT  quartz  plate,  (a)  I-ace 
nearer  film  laiiped  with  180  carborundum.  Other  face  iai'-ped  with  303.  emcr>-.  (b) 
Same  as  a,  after  47  hours'  etching,  (c)  Same  as  a,  but  through  a  ditlerent  part  ol  the 
plate.     Plate  rotated  180°  in  its  own  plane,     (d)  Same  as  c.  alter  >0  mmutes  ctchmg. 
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but  in  this  case  exposures  are  long  enough  to  record  the  "white"  radiation 
reflected  from  both  the  small-angle  disturbed  and  undisturbed  material.  If 
reflections  from  material  misoriented  by  more  than  a  few  minutes  were  re- 
corded on  the  Aim  the  lines  from  the  reflected  X-rays  would  be  broader  than 
they  are. 

In  the  undisturbed  material  there  is  one  wave  length  from  a  ray  traveling 
in  a  given  direction  that  will  satisfy  the  Bragg  equation  for  a  given  set  of 
atomic  planes.  Most  of  these  "usable"  X-rays  are  reflected  by  the  hrst  thin 
layer  of  undisturbed  crystal  they  meet  and  therefore  very  little  reflection  of 
X-ra}-s  of  this  wave-length  from  this  ray  takes  place  from  deeper  layers  of 
the  undisturbed  crystalline  material.  This  removal  of  the  reflectable  X-rays 
by  the  first  thin  layer  of  undisturbed  crystal  is  known  as  "primar}^ 
extinction". 

In  the  disturbed  surface  layer,  on  the  other  hand,  regions  of  dissimilar 
orientation  are  superposed.  In  this  case  a  ray  traveling  in  a  given  direction 
will  have  X-rays  of  one  wave-length  subtracted  from  it  by  the  first  crystalline 
material  of  a  particular  orientation  it  meets  in  accordance  with  the  Bragg 
equation;  then,  beneath  this,  cr\^stalline  material  at  a  different  orientation 
will  subtract  from  it  X-rays  of  a  different  wave-length  and  so  on  so  that 
from  each  ray  a  broader  range  of  wave-lengths  is  diffracted  by  the  disturbed 
material  than  by  the  undisturbed,  resulting  in  a  stronger  reflected  beam  from 
the  disturbed  material.  Since  the  lapped  surfaces  of  the  crystal  plate  give 
a  stronger  reflected  beam  than  the  undisturbed  interior  of  the  plate,  the  re- 
flection of  the  slit  collimated  beam  from  each  set  of  atomic  planes  appears 
on  the  film  as  a  pair  of  lines.  The  density  of  these  lines  is  related  to  the  dis- 
turbance and  their  width  is  related  to  the  depth  of  the  disturbed  sur- 
face layer,  as  shown  diagrammatically  in  Fig.  10.  The  four  photographs  in 
Fig.  1 1  were  taken  in  this  way,  all  through  the  same  BT  quartz  plate.  Figure 
11a  shows  the  reflections  from  the  various  atomic  planes  of  the  4  mm. -thick 
BT-cut  quartz  plate,  lapped  on  one  side  with  coarse  abrasive  (180  carborun- 
dum) and  on  the  other  with  fine  abrasive  (^303^  emery).  As  shown  in 
Fig.  10,  the  coarsely  lapped  surface  was  toward  the  photographic  film  and 
therefore  the  line  closer  to  the  line  from  the  direct  beam  (the  single  line  in 
the  loW'Cr  right  corner)  is  the  stronger  of  the  tw-o.  Figure  1  lb  was  taken  in 
the  same  way  after  the  plate  had  been  etched  in  48^  hydrofluoric  acid  for 
47  hours.  The  acid  was  renewed  every  few  hours.  The  presence  of  dis- 
turbed material  near  the  two  surfaces  is  still  discernible.  Micrometer 
measurements  after  etching  indicated  that  the  thickness  of  the  plate  had 
been  reduced  by  0.14  mm. 

Such  a  measurement  is  from  the  peaks  of  the  rugged  etched  surface  on  one 
side  of  the  plate  to  the  peaks  on  the  other  side:  over  most  of  the  plate  the 
etching  had  proceeded  to  a  greater  depth  than  the  .07  mm.  indicated  by  the 


SURFACE  LAYERS  OF  CRYSTALS  151 

micrometer  measurements.     Since   the  disturbance   is  still   discernible   it 
appears  that  its  depth  in  this  plate  was  greater  than  .07  mm. 

With  the  discovery  that  the  disturbed  material  may  be  more  than  70 
microns  thick,  it  becomes  apparent  that  great  care  must  be  taken  to  remove 
the  disturbance  produced  by  all  previous  lapping  and  sawing  prior  to  mea- 
surement of  disturbance  produced  by  a  particular  lapping  technique.  This 
may  require  more  than  48  hours'  etching  with  48%  hydrofluoric  acid  which 
will  produce  a  rugged  surface.  An  alternative  procedure  is  to  use  a  natural 
crystal  which  has  never  been  cut  or  worked.  Since  the  natural  faces  of  some 
crystals  do  show  disturbance,  preliminary  tests  should  be  made  with  the 
various  techniques  for  detecting  the  presence  of  any  disturbed  material.  A 
transmission  Laue  photograph  of  a  small  quartz  crystal  from  Herkimer 
County,  N.  Y.,  taken  by  C,  J.  Davisson,  showed  no  disturbed  material.  If 
a  natural  face  of  such  a  crystal  were  lapped  under  carefully  controlled  con- 
ditions and  the  resulting  disturbance  measured  by  the  various  techniques,  a 
reliable  picture  of  the  disturbance  produced  by  that  lapping  procedure  would 
be  obtained. 

In  many  of  these  photographs  some  darkening  occurs  between  the  two 
lines  that  mark  the  outer  surfaces  of  the  plate.  In  most  cases  it  appears  as 
well-defined  streaks,  as  in  1  Ic,  but  may  be  irregular,  as  in  1  la.  Such  streaks 
appear  to  be  due  to  disturbed  zones  within  the  quartz  plate  whose  disturb- 
ance is  related  to  the  growth  history  of  the  crystal.  Where  they  adjoin  the 
disturbed  surface  layer  they  may  be  responsible  for  erroneous  measurements 
of  the  misorientation  and  depth  of  the  surface  layer. 

Photograph  He  was  taken  prior  to  any  etching,  like  11a,  but  through  a 
different  part  of  the  plate  and  shows  difi'erent  internal  imperfections.  Pho- 
tograph lid  was  taken  through  the  same  part  of  the  plate  after  only  20 
minutes'  etching  and  shows  very  little  surface  disturbance.  To  get  a  picture 
of  the  distribution  of  the  surface  disturbance  and  internal  imperfections  of  a 
plate  a  series  of  exposures  should  be  taken  with  the  plate  translated  a  short 
distance  relative  to  the  beam  between  each  exposure. 

Measurements  of  the  depth  of  the  disturbed  layer  have  given  widely 
different  results  with  difi'erent  techniques.  The  Laue  photographs  just 
described  indicate  the  depth  to  be  more  than  .07  mm.  or  70  microns  in  some 
cases,  even  with  a  303^  emery  finish."  This  is  in  accord  with  the  0.1  mm. 
depth  assigned  by  Y.  Sakisaka  on  the  basis  of  two  sets  of  measurements 
made  by  him  with  two  widely  different  techniques.'^    This  value  is  also  in 

"  Since  adequate  precautions  for  the  removal  of  all  previous  disturbance  were  not  taken, 
this  value  may  he  erroneous.  .        f  t.  a     •        c 

'■>  Sakisaka,  Y.,  "The  Effects  of  the  Surface  Conditions  on  t__he  Intensity  of  Refle.xion  of 
X-rays  by  Quartz,  Japanese  Journal  of  Plivsics  4  (1927)  p.  171-181.  ^^ 

Sakisaka,  Y.,  "Refle.xion  of  Monochromatic  X-rays  from  Some  Crystals,  Froc.  Fhys.- 
Math.  Soc.  of  Japan,  Ser.  Ill,  v.  12  (1930),  p.  189-202. 
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accord  with  the  measurements  on  the  double  crystal  spectrometer  made  by 
Bozorth  and  Haworth  who  show  that  after  20  hours'  etching  with  48%  hy- 
drofluoric acid  at  30°  C.  the  rocking-curve  width  of  a  plate  originally  lapped 
with  100-mesh  carborundum  was  still  measurably  greater  than  that  of  a 
plate  originally  lapped  with  600-mesh  carborundum.^^ 

The  measurements  that  have  given  half  a  micron  for  the  depth  of  the  dis- 
turbed layer  have  been  made  with  techniques  incapable  of  showing  part  of 
the  disturbed  material.     The  reflection-intensity  measurements  made  with 
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Fig.  12. — Diagrammatic  summary  of  instruments,  techniques,  and  results 

the  single  cr>'Stal  spectrometer  can  only  show  the  material  present  in  large 
enough  amount  to  cause  measurable  ionization  in  the  ionization  chamber. 
The  Davisson  photographs  with  the  single  crystal  spectrometer  cannot  show 
material  misaligned  by  less  than  15  minutes.  Any  photographic  technique 
which  is  capable  of  measuring  material  misoriented  by  a  few  seconds  has 
shown  a  disturbed  layer  much  thicker  than  half  a  micron  at  any  worked 
surface  of  quartz  crystal. 

Figure  12  is  a  diagrammatic  summar}^  of  the  various  techniques  that  have 
been  described.    Table  1  summarizes  the  present  knowledge  concerning  the 
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Table  I 

Summary  of  Ikformation  Coxcerxing  tife  Nature  of  the  Disturbed  Surface 

Material  of  Quartz  Plates 


Description  of  the  disturbed  material 

Method  of  detection 

Randomly  oriented  powder  on  the  surface,  renioval)Ic  by 
scrubbing 

Electron  diffraction  photogra- 
phy only 

Material  misoriented  from  approximately  45'  to  approxi- 
mately  4^°,  removable  by  about  30  seconds'  etching 
with  48%  hydrofluoric  acid.     Not  removable  by  scrub- 
bing.    About  ^  micron  thick. 

Photography  with  the  single 
crystal  spectrometer 

Material  misoriented  from  0°  to  45',  in  some  cases  requir- 
ing more  than  47  hours'  etching  with  48*^  hydrofluoric 
acid  for  removal.     Not  removable  by  scrubbing.     May 
be  50-100  microns  thick. 

Reflection  intensity  measure- 
ments with  the  single 
crystal  spectrometer. 

Rocicing-curve  width  meas- 
urements with  the  double- 
crystal  spectrometer. 

Laue  photography  of  thick 
crystal  plates. 

Fig.   13.— Electron  diffraction  photographs  of  a  BT  quartz  plate  taken  with  a  50  kv. 
electron  beam  (C.  J.  Davisson) 

disturbed  layer  of  worked  surfaces  of  quartz,  indicating  the  teclinique 
through  which  the  information  was  obtained  in  each  case.  In  order  that 
this  table  shall  be  complete  the  electron  diffraction  work  of  C.  J.  Davisson 
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must  be  included  although  it  does  not  properly  belong  in  a  paper  on  X-ray- 
techniques.  Dr.  Davisson  took  an  electron  diffraction  photograph  of  a 
quartz  plate  that  had  been  lapped  with  303  §  emery,  water  rinsed,  and  air 
dried.  The  plate  was  then  scrubbed  vigorously  with  soap  and  water  and 
toothbrush  and  a  second  photograph  was  taken.  The  two  photographs  are 
reproduced  in  Fig.  13.  The  first  shows  a  series  of  continuous  rings  indicat- 
ing the  presence  of  a  large  number  of  small  particles  of  quartz  with  random 
orientation.  In  the  second  photograph,  these  rings  have  disappeared  and 
there  remain  only  arc-segments  associated  with  spots.  The  spots  are  the 
"reflections"  from  undisturbed  quartz.  The  arcs  represent  quartz  rotated 
through  a  small  range  of  angles  from  this  position,  the  misoriented  material 
indicated  by  the  Davisson  photographs  with  the  single  crystal  spectrometer. 
These  electron  diffraction  photographs  show  that  a  lapped  plate  has  ran- 
domly oriented  quartz  on  its  surface  which  may  be  removed  by  scrubbing 
and  quartz  with  limited  misorientation  which  is  not  removed  by  scrubbing. 
No  X-ray  technique  has  shown  the  existence  of  the  randomly  oriented 
material. 
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NOTE 

Some  Novel  Expressions  for  the  Propagation  Constant 
of  a  Uniform  Line 

By  J.  L.  CLARKE 

IN  a  modern   communication   system   the   leakance   is   generally   quite 
small  and  can  be  neglected  in  making  propagation  computations. 
Hence  the  case  is  taken  of  a  circuit  having  resistance,  inductance  and 
capacitance. 

Let  R,  L  and  C  be  the  resistance,  inductance  and  capacitance  per  mile 
of  the  circuit. 

Now  the  formulae  which  have  been  developed  for  the  real  and  imaginary 
parts  of  P,  the  propagation  constant,  are: 

P  =   a  +  j^ 
where 

«  =  VicoClV^  +  co2Z-2  -  wZ]  (1) 

/3  =  Via)C{\/^+  co2Z,2  +  coL]  (2) 

Inspection  of  these  formulae  does  not  reveal  any  obvious  reason  for  the 
particular  structure  of  the  expressions;  however,  they  may  be  changed  so 
as  to  present  themselves  in  a  different  form. 

P  can  be  written: 

P=^(a/fi+j)  (3) 

Now 


-«=/ 


VR^    +    0)2  L2    +    CoL 


tan  6  (4) 


where  d  is  the  absolute  value  of  the  angle  of  the  characteristic  impedance. 
Hence 

P  =  iS(tan  d  +  j)  (5) 
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The  expression  iii  (4)  for  tan  6  may  be  written: 

tan  e  =  Vl  -  LCV"^  (6) 

where  V  =  the  phase  velocity. 

Now  LC  =  1/  vl 
where  Vo  =  the  transient  velocity. 

Hence 

tan  6  =  Vl  -   VyVl  (7) 

and 

p  =  /3(\/i  -  Fvn  +  i)  (8) 

Now  it  can  also  be  shown  that  for  a  progressive  wave: 

hLP 


(9) 


So  that  the  real  part  of  the  propagation  constant  is  equal  to  the  square 
root  of  the  difference  between  the  electrostatic  energy  per  mile  and  the 
electromagnetic  energ}-  per  mile  divided  by  the  sum  of  the  energies  (multi- 
plied by  /3). 

This  gives  the  attenuation  constant  in  terms  of  the  most  fundamental 
entity  that  we  know,  namely  energ>^ 

Also  multiplying  each  side  of  equation  (8)  by  x  the  geographical  length 
of  the  line  between  the  origin  and  the  point  under  consideration: 

Px  =  (3iVl  -  T-IVl  X  +  i-v)  (10) 

Now  |S.v  is  the  number  of  radians  (i.e.  total  phase  shift  along  the  length 
X)  and  using  relativity  conceptions, 


l/i-fi 


is  the  apparent  length  of  the  wave  structure  in  the  length  x  (the  waves 
moving  at  velocity  V)  as  observed  from  a  li.xed  point  with  signals  moving 
at  velocity  Y^- 

Also   ^xy/\  -   V^/Vl  is  the  number  of  radians  in  the  apparent  length 

xVi  -  vyvi 

The  characteristic  impedance  may  be  stated  in  terms  of  the  phase  velocity 
as  follows: 

z.  =  J,-if-^  (11) 
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NOTE 
Decibel  Tables 

By  K.  S.  JOHNSON 

ABOUT  twenty  years  ago,  Bell  System  communication  engineers  felt 
the  need  for,  and  adopted,  a  new  "Transmission  Unit,"  initially  ab- 
breviated "TU"  but  some  five  years  later  given  the  name  "Decibel,"  or  db. 
This  unit  is  now  universally  used  throughout  the  communication  world  and 
is  fundamentally  a  measure  of  the  ratio  of  any  two  powers.  Quantitatively, 
the  number  of  decibels  corresponding  to  the  ratio  of  any  two  powers  is  10 
times  the  common  logarithm  of  that  ratio.*  If  the  ratio  of  the  first  power 
to  the  second  power  is  greater  than  unity,  the  first  power  is  said  to  represent 
a  transmission  "gain"  with  respect  to  the  second  power,  or  the  latter  is  said 
to  represent  a  "loss"  with  respect  to  the  first  power. 

Since  currents  flowing  through,  or  voltages  impressed  across,  the  same  or 
equal  impedances  will  result  in  powers  that  are  proportional  to  the  squares 
of  these  currents  or  voltages,  it  is  possible,  under  these  specific  conditions, 
to  state  that  the  number  of  decibels  corresponding  to  the  ratio  of  any  two 
such  currents  or  voltages  is  20  times  the  common  logarithm  of  the  absolute 
magnitude  of  the  ratio  of  these  currents  or  voltages. 

Another  unit  that  is  frequently  employed  in  theoretical  transmission  prob- 
lems is  the  "Neper."  The  use  of  this  unit  often  results  in  the  simplification 
of  such  problems  and,  hence,  its  relationship  to  the  decibel  and  to  exponential 
and  hyperbolic  functions  is  frequently  of  interest  to  communication  en- 
gineers. 

Although  the  relations  between  these  various  values  are  obviously  not 
complicated  ones,  it  has  been  found  by  experience  that  tables  of  numerical 
values  are  often  very  useful  to  communication  engineers.  As  a  result,  rather 
extended  tables  (21  pages)  have  been  computed  under  the  direction  of  the 
writer  and  P.  H.  Richardson,  in  which  the  entering  arguments  are:  (1) 
decibels,  with  the  tabular  values  giving  the  corresponding  current,  voltage, 
or  power  ratios — and  their  reciprocals;  (2)  current  or  voltage  ratios,  with 
the  tabular  values  being  the  corresponding  decibels.  Tables  (16  pages) 
have  also  been  computed  in  which  the  entering  arguments  are  decibels  and 
the  corresponding  tabular  values  are  nepers  (A),  e  ,  e~^ ^  sinh  A,  cosh  A 
and  tanh  A.  These  latter  tables  are,  among  other  things,  useful  in  the 
design  of  attenuators  or  pads,  etc. 

Photo  offset  copies  of  any  of  the  above  tables  may  be  obtained  gratis 
from  the  Director  of  Publication  of  the  Bell  Telephone  Laboratories,  Inc., 
463  West  Street,  New  York  14,  N.  Y. 

*  See  "Decibel — The  Name  for  the  Transmission  Unit",  by  W.  H.  Martin,  Bell  Sys. 
Tech.  Jour.,  January  1929. 
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Abstracts  of  Technical  Articles  by  Bell  System  Authors 

Network  Analysis  and  Feedback  Amplifier  Design}  H.  W.  Bode.  The 
material  for  this  book  was  originally  prepared  as  a  text  for  an  informal 
course  at  Bell  Telephone  Laboratories.  It  is  the  outgrowth  of  a  research 
directed  at  the  problem  of  designing  degenerative  feedback  amplifiers  to 
provide  substantial  feedback  without  instability.  The  solution  of  the 
feedback  problem  is,  however,  dependent  upon  certain  propositions  in 
general  network  theor>^  which  are  applicable  also  to  other  situations.  With 
the  addition  of  other  logically  related  material,  this  has  made  the  book 
primarily  a  text  on  general  network  theor>^ 

Earlier  texts  on  networks  have  been  concerned  primarily  with  trans- 
mission line  and  filter  theory.  The  present  book  emphasizes  the  broad- 
band aspects  of  network  theory.  In  other  words,  it  is  concerned  with  the 
problem  of  providing  characteristics  which  var>^  smoothly,  and  in  some 
prescribed  manner  over  a  broad  frequency  range.  This  aspect  of  network 
theory  is  stressed  because  it  is  the  one  which  best  fits  the  feedback  problem. 
It  also  has  applications,  however,  to  the  many  broad-band  problems  which 
arise  in  television,  frequency  modulation,  multi-channel  carrier  telephone 
and  other  modern  communication  systems. 

The  emphasis  on  broad-band  problems  has  a  number  of  consequences. 
For  example,  it  gives  special  importance  to  networks  including  resistances 
as  well  as  reactances,  since  it  is  frequently  only  by  the  use  of  controlled 
dissipation  that  network  characteristics  can  be  made  to  var>'  smoothly 
over  broad  ranges.  The  emphasis  on  broad-band  applications  also  requires 
special  attention  to  the  effects  of  parasitic  elements,  and  several  sections  of 
the  book  are  devoted  to  the  development  of  design  methods  for  networks 
including  prescribed  parasites.  A  final  consequence  is  the  importance 
which  is  assumed  by  the  limitations  on  the  characteristics  which  can  be 
obtained  from  physical  networks.  Over  very  narrow  bands  only  ver\'  mild 
limitations  exist,  but  as  the  band  becomes  broader  the  available  charac- 
teristics become  more  and  more  restricted. 

The  other  principal  point  of  emphasis  of  the  book  is  on  the  use  of  net- 
works in  association  with  vacuum  tubes,  rather  than  as  purely  passive 
structures.  The  primary  theoretical  development  of  the  book  is  stated  in 
terms  of  general  active  circuits.     Otherwise  the  effort  to  extend  network 

'  Published  by  D.  Van  Nostrand  Company,  Inc.,  New  York,  N.  Y.,  1945. 
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theory  to  vacuum  tube  circuits  consists  chiefly  in  giving  special  emphasis 
to  network  design  problems  ordinarily  found  as  part  of  vacuum  tube  am- 
plifier design.  The  design  of  an  over-all  feedback  loop  is,  of  course,  an 
outstanding  example.  In  addition,  special  attention  is  also  given  to  the 
design  of  such  individual  network  units  as  input  and  output  circuits,  inter- 
stage networks,  and  local  feedback  circuits,  especially  when  they  appear  as 
constituents  of  a  broad-band  amplifier. 

Judging  Mica  Quality  Electrically.-  K.  G.  Coutlee.  A  threatened 
mica  shortage  resulting  from  an  unprecedented  wartime  demand  for  mica 
capacitors  used  in  electronic  communication  equipment  by  the  Armed 
Forces  was  forestalled  by  rigid  conservation  measures,  use  of  alternate 
materials,  and  the  use  of  electrically  selected  mica  from  types  previously 
considered  unsuitable  for  capacitor  use.  By  employing  two  electrical 
tests,  developed  by  Bell  Telephone  Laboratories,  Inc.  for  the  War  Produc- 
tion Board,  in  combination  with  visual  and  physical  requirements,  mica  was 
selected  from  plentiful  stocks  of  lower  visual  quality  types  of  mica,  effec- 
tively increasing  the  supply  of  capacitor  mica  by  60  per  cent.  This  method 
of  electrically  judging  the  quality  of  raw  mica  was  given  a  thorough  com- 
mercial  trial   and    found    both   practicable   and   reliable. 

A  Simple  Optical  Method  for  the  Synthesis  and  Evaluation  of  Television 
Images.^  R.  E.  Graham  and  F.  W.  Reynolds.  A  combination  of  a  35- 
millimeter  motion-picture  projector  and  a  line  screen  enables  the  projection 
of  still  or  motion  pictures  closely  similar  in  appearance  to  those  produced  by 
television.  This  similarity  of  appearance  is  checked  theoreticalUy  by  an 
analysis  of  the  type  previously  reported  by  Mertz  and  Gray  in  a  discussion 
of  the  theory  of  scanning.  From  the  analysis  it  is  shown  that  five  para- 
meters of  the  optical-simulation  system  may  be  varied  to  obtain  the  equiva- 
lent of  variations  in  television  factors  such  as  number  of  scanning  lines, 
size  and  configuration  of  scanning  apertures,  and  width  of  frequency  band. 

Photographs  of  simulated  television  pictures  projected  by  this  method  are 
presented.  These  pictures  include  subject  matter  of  general  interest  as 
well  as  as  selected  subjects  to  illustrate  the  spurious  detail  components  in- 
troduced by  the  television  scanning  process.  These  components  produce 
moire  patterns,  "steps"  on  diagonal  lines,  and  impairment  of  vertical 
resolution.  Simulation  pictures  projected  by  this  method  have  been  com- 
pared with  those  produced  by  a  television  S}'stem  and  the  expected  agree- 
ment observed. 

Calculations  are  given  of  the  diffraction  effects  in  optical  systems  of  this 
type  and  it  is  shown  that  the  departure  from  geometrical  theory  is  small  in 
the  arrangements  described. 

^  Elec.  Engg.,  Trans.  Sec,  November  1945. 

^Proc.  I.  R.  E.  and  Waves  and  Electrons,  January  1946  (pp.  18W-30W). 
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A  Coil-Neutralized  Vacumn-Tube  Amplifier  at  Very  High  Frequencies.^ 
R.  J.  KiRCHER.  This  paper  describes  a  two-stage  single-side  coil-neutralized 
amplifier  employing  an  experimental  triode  operating  in  the  vicinity  of  140 
megacycles.  Circuit  features  are  described  and  typical  operating  conditions 
are  indicated.  Typical  distortion  characteristics  at  low-power  levels  are 
also  included. 

Fundamental  Theory  of  Servomechanisms}  LeRoy  A.  MacColl.  The 
use  of  servomechanisms  and  related  devices  for  automatic  control  and 
regulation  is  ver\'  old,  dating  back  to  the  latter  part  of  the  eighteenth 
century.  However,  it  is  only  recently,  approximately  since  the  beginning 
of  the  war,  that  it  has  been  recognized  that  these  devices  are  essentially 
feedback  amplifiers  in  a  mechanical,  or  partly  mechanical,  form.  From 
the  recognition  of  this  fact  it  follows  that  the  highly  developed  theory  of 
electrical  feedback  amplifiers  can  be  applied  at  once  to  servomechanisms 
and  similar  devices. 

This  book,  which  was  originally  intended  to  be  a  National  Defense  Re- 
search Committee  report,  is  an  introduction  to  the  theor>'  of  linear  servo- 
mechanisms,  considered  as  a  special  application  of  the  general  theory  of 
feedback  amplifiers.  The  steady-state  theory  of  the  systems  is  taken  as 
fundamental,  and  the  various  problems  concerning  the  stabiUty  and  per- 
formance of  the  systems  are  discussed  in  terms  of  it.  In  the  several  chap- 
ters a  variety  of  types  of  linear  servomechanisms  are  considered.  A  brief 
discussion  of  one  simple  non-linear  servomechanism  is  given  in  the  Ap- 
pendix. 

Corrosion  Protection  for  Transcontinental  Cable  West  of  Salt  Lake  City, 
Utah.^  T.  J.  Maitland.  This  paper  discusses  the  problems  involved  in 
maintaining  the  effectiveness  of  the  thermoplastic  covering  provided  on 
buried  toll  cables  for  installation  in  areas  where  corrosion  is  anticipated. 
It  also  describes  the  method  used  to  obtain  the  required  supplemental 
electrical  drainage  for  the  Transcontinental  Cables  across  the  Great  Salt 
Desert  west  of  Salt  Lake  City  where  the  low  earth  resistivity  and  high 
concentration  of  alkali  salts  preclude  the  use  of  rectifiers  connected  between 
cable  sheath  and  a  made  ground  generally  employed  for  drainage  purposes. 
Such  installations  would  result  in  negative  potentials  between  cable  and 
earth  of  sufficient  magnitude  to  create  conditions  conducive  to  cathodic 
corrosion  of  the  lead  sheath  in  the  presence  of  an  alkali  salt  electrolyte. 

To  provide  electrical  drainage  without  incurring  these  excessive  negative 
potentials  a  method  was  developed  utilizing  the  normal  potential  difference 
between  zinc  and  lead  as  the  source  of  drainage  current.  Twenty-four 
pound  zinc  bars  of  commercially  available  zinc,  99  per  cent  pure,  were  in- 
stalled directly  in  the  ground  a  short  distance  from  the  cables  at  12-mile 

*Proc.  I.  R.  E.,  December,  1945. 

6  Published  by  D.  Van  Nostrand  Company,  Inc.,  New  York,  N.  Y.,  1945. 

'  Corrosion,  June  1945. 
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intervals,  making  connection  between  the  zinc  anodes  and  the  cable  sheaths 
by  buried  wire.  The  cable-to-earth  potentials  were  appreciably  affected 
throughout  the  entire  120  route  miles  across  the  Great  Salt  Desert  by  this 
procedure. 

During  the  year  these  anodes  have  been  in  place,  the  cables  have  re- 
mained at  a  satisfactory  negative  potential  to  earth  (.20  to  .50  volt)  with 
a  small  current  being  constantly  drained  to  the  zinc  anodes.  It  is  con- 
sidered from  the  results  to  date  that  for  similar  areas  the  use  of  metallic 
anodes  offers  an  economical  and  satisfactory  means  for  protecting  buried 
cables  against  corrosion. 

Transmission  Networks  for  Frequency  Modulation  and  Television?  Har- 
old S.  Osborne.  Looking  forward  to  a  great  post  war  expansion  in  the 
arts  of  frequency  modulation  and  television  this  paper  discusses  plans  of  the 
Bell  System  for  providing  transmission  networks  required  for  the  inter- 
connection of  broadcast  stations.  A  review  of  cable  and  open-wire  car- 
rier systems  shows  how  developments  for  purely  message  telephone  business 
have  at  the  same  time  put  the  Bell  System  in  a  position  of  being  able  at  the 
present  time  to  meet  such  network  transmission  requirements  for  frequency 
modulation  as  the  broadcasters  may  select  as  desirable.  Coaxial  develop- 
ments are  reviewed  briefly,  including  the  application  of  these  developments 
to  television  transmission.  Future  developments,  together  with  the  coaxial 
construction  plans  now  under  way,  are  expected  to  provide  by  about  1950 
a  fairly  comprehensive  nationwide  network  of  facilities  capable  of  providing 
for  such  transmission  requirements  as  may  be  desired  by  the  television 
industry.  The  important  features  involved  in  the  operation  of  such  net- 
works are  discussed,  indicating  a  requirement  for  a  highly  trained  nation- 
wide organization  and  much  equipment — a  requirement  which  the  Tele- 
phone Companies  can  face  with  confidence  because  of  their  experience  in 
handling  nationwide  communications. 

Visible  Patterns  of  Sound}  Ralph  K.  Potter.  New  ways  of  trans- 
lating sounds  into  pictures  are  described.  These  methods  of  sound  por- 
trayal are  unique  because  what  may  be  seen  in  the  sound  patterns  is  con- 
sistent with  what  is  heard  in  the  original  sound.  The  pictures  display  the 
three  basic  dimensions  of  sound-pitch,  loudness  and  time — in  a  form  some- 
what analogous  to  a  musical  score.  Experimental  training  has  shown  that 
with  practice  one  may  learn  to  read  such  patterns  of  speech  so  that  the 
development  offers  the  ultimate  possibility  of  aid  to  the  severely  deafened  in 
learning  to  speak  correctly  and  to  use  the  telephone  by  seeing  rather  than 
hearing  the  voice  of  the  distant  speaker.  The  patterns  will  also  be  of 
considerable  interest  in  the  fields  of  speech  science  and  music. 

^  Elec.  Engg.,  November  1945. 

^Science,  November  9,  1945;  Bell  Tel.  Sys.  Monograph  B-1368. 
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General  Formulas  for  "T"-  and  "11"-  Network  Equivalents.^  Myril  B. 
Reed.  This  paper  presents  the  development  of  two  sets  of  general  formulas 
which  determine  a  set  of  "T"  or  "n"  impedances  equivalent  to  any  linear, 
lumped-constant,  four-terminal  network. 

Concerning  Hall'n's  Integral  Equation  for  Cylindrical  Antennas}'^  S.  A. 
ScHELKUXOFF.  The  main  purpose  of  this  paper  is  to  explain  the  substantial 
quantitative  discrepancy  between  Hallen's  formula  for  the  impedance  of 
cylindrical  antennas,  and  ours.  Hallen's  first  approximation  involves  a 
tacit  assumption  that  the  antenna  is  short  compared  with  the  wavelength. 
Since  the  subsequent  approximations  depend  on  the  first,  they  are  degraded 
by  this  initial  assumption. 

The  approximations  involved  in  his  integral  equation  itself  are  justified; 
and,  if  properly  handled,  the  equation  yields  result-s  in  much  better  agree- 
ment with  ours.  The  last  section  of  the  paper  is  devoted  to  infinitely  long 
antennas.  Such  antennas  can  be  treated  by  at  least  three  very  different 
methods  and  a  comparison  is  instructive.  In  practice,  the  solution  for  this 
case  is  an  approximation  to  a  long  antenna  designed  to  carry  progressive 
waves. 

Principal  and  Complementary  Waves  in  Antennas. '^^  S.  A.  Schelkunoff. 
In  response  to  an  increased  interest  in  mathematical  aspects  of  antenna 
theor}',  this  paper  presents  details  of  aralysis  of  cylindrical  and  other  non- 
conical  antennas  as  a  supplement  to  a  previous  paper  containing  the  outline 
of  the  method  and  the  main  results.  In  the  course  of  the  present  discussion 
the  theory  of  principal  waves  on  cylindrical  conductors  is  extended  to  include 
the  case  in  which  the  diameter  is  not  small  compared  with  the  wavelength. 

Research  Revolutionizes  Materials.'^''  J.  R.  Townsexd.  A  technological 
lesson  to  be  drawn  from  defeated  Germany  is  that  whereas  Germans  had 
been  noted  for  their  fundamental  contributions  to  science,  they  were  unable 
to  compete  with  the  United  Nations  in  the  field  of  applied  science  and 
particularly  in  high-speed  production  methods.  Their  defeat  was  due  more 
to  the  overwhelming  number  than  to  the  individual  superiority  of  the  arms 
brought  against  then.  The  miracle  of  American  production  is  based  on  a 
design  related  to  obtaining  the  most  from  the  process  used,  materials  of 
uniform  quality,  and  high-speed  production  methods  using  high-power 
automatic  machinery.  Germany's  failure  was  due  to  standardizing  too 
early  and  too  inflexibly  and  this  meant  that  they  could  not  compete  with  the 
steady  improvements  in  the  art.  The  usual  procedure  is  the  development 
of  methods  of  test  followed  by  collection  of  data  and  the  formulation  of 
specific  requirements  controlling  the  useful  quality  of  the  material.     Modern 

^Proc.  I.  R.  E.,  December,  1945. 
^oProc.  I.  R.  E.,  December,  1945. 
^^Proc.  I.  R.  E.,  (anuary,  1946. 
^A.S.T.M.  Bulletin,  December,  1945. 
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industry  is  based  upon  such  specifications  because  materials  must  be  so  con- 
trolled since  the  action  of  the  machine  is  unvarying.  Modern  statistical 
methods  can  be  applied  to  provide  the  tolerances  and  allowances  necessary 
to  achieve  a  uniform  product.  The  work  of  the  American  Society  for 
Testing  Materials  broadly  covers  the  field  of  research  in  materials,  methods 
of  test,  and  quality  control.  The  benefits  of  this  work  extend  to  vast  im- 
provement in  process  methods,  more  uniform  and  higher-quality  material 
and  result  in  economic  gains  of  extensive  character.  Three  examples  were 
cited  illustrating  extensive  projects  of  great  use  to  the  war  effort.  These 
were  the  development  of  requirements  for  sheet  brass,  which  was  applied 
specifically  to  production  of  cartridge  cases,  high-quality  die-casting  speci- 
fications resulting  in  the  production  of  many  parts  used  in  communication 
and  aviation  equipment,  and  the  development  of  a  method  of  test  for  in- 
specting mica  by  an  electrical  rather  than  a  visual  test.  This  last  resulted  in 
a  large  economic  saving  of  this  scarce  material. 

Infantry  Combat  Communications.^^  Ralph  E.  Willey.  Communica- 
tions within  an  infantry  division  during  combat  involve  not  only  the  efficient 
installation,  operation  and  maintenance  of  all  means  of  communication 
normally  provided  and  adopted  for  specific  functions  but  also  the  use  of 
standard  equipment  in  improvised  methods  adapated  to  the  needs  of  the 
particular  situation.  The  paper  covers  a  brief  description  of  the  major 
items  of  signal  equipment  issued  to  an  infantry  division  together  with  their 
normal  use.  In  addition,  there  is  discussed  the  solution  to  many  field 
problems  based  on  the  combat  experience  of  the  writer  in  Belgium,  Holland 
and  Germany. 

Interesting  information  is  given  on  the  signal  supply  problem  and  combat 
losses  over  a  six-month  period  of  combat.  Improvised  field  radio-link  in- 
stallations and  remote  controls  for  the  protection  of  operating  personnel  are 
discussed  briefly.  Photographs  included  with  the  paper  show  pictorially 
the  majority  of  the  items  of  equipment  described. 

"£/ec.  Engg.,  January,  1946. 
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The  Magnetron  as  a  Generator  of  Centimeter  Waves 

By  J.  B.  FISK,  H.  D.  HAGSTRUM,  and  P.  L.  HARTMAN 

Introduction 

LATE  in  the  summer  of  1940,  a  fire  control  radar  operating  at  700  mega- 
cycles per  second  was  in  an  advanced  state  of  development  at  the  Bell 
Telephone  Laboratories.  The  pulse  power  of  this  radar  was  generated  by  a 
pair  of  triodes  operating  near  their  upper  limit  of  frequency.  Even  when 
driven  to  the  point  where  tube  life  was  short,  the  generator  produced  peak 
power  in  each  pulse  of  only  two  kilowatts,  a  quantity  usable  but  marginal. 
Although  the  triodes  employed  had  not  been  designed  for  high  voltage  pulsed 
operation,  they  were  the  best  available.  This  is  an  example  of  how  develop- 
ment of  radar  in  the  centimeter  wave  region  was  circumscribed  by  the  lack 
of  a  generator  of  adequate  power  and  reasonable  life  expectancy.  More- 
over, the  prospects  of  improvement  of  the  triode  as  a  power  generator  at 
these  wavelengths  and  extension  of  its  use  to  shorter  wavelengths  were  not 
bright.  Solution  of  the  problem  by  means  of  power  amplification  was 
remote.     A  new  source  of  centimeter  wave  power  was  urgently  needed. 

For  the  British,  who  were  at  war,  the  problem  was  even  more  urgent. 
They  had  undertaken  a  vigorous  search  for  a  new  t>TDe  of  generator  of 
sufficiently  high  power  and  frequency  to  make  airborne  radar  practicable 
in  the  defense  against  enemy  night  bombers.  They  found  a  solution  in  the 
multiresonator  magnetron  oscillator,  admirably  suited  to  pulsed  generation 
of  centimeter  waves  of  high  power. 

In  the  fall  of  1940,  an  early  model  of  this  magnetron  operating  at  ten  cen- 
timeters was  brought  to  the  United  States  for  examination.  The  first  Ameri- 
can test  of  its  output  power  capabilities  was  made  on  October  6,  1940  in  the 
Bell  Telephone  Laboratories'  radio  laboratory  at  W'hippany,  N.  J.  This 
test  confirmed  British  information  and  demonstrated  that  a  generator  now 
existed  which  could  supply  several  times  the  power  that  our  triodes  delivered 
and  at  a  frequency  four  times  as  great.  The  most  important  restraint  on 
the  development  of  radar  in  the  centimeter  wavelength  region  had  now  been 
removed. 

A  number  of  pressing  questions  remained  to  be  answered,  however. 
Could  the  new  magnetron  be  reproduced  quickly  and  in  quantity?     Was  its 
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operating  life  satisfactory?  Could  its  efficiency  and  output  power  be  sub- 
stantially increased?  Could  one  construct  similar  magnetrons  at  forty 
centimeters,  at  three  centimeters,  even  at  one  centimeter?  Could  the  mag- 
netron oscillator  be  tuned  conveniently?  One  by  one,  during  the  war  years, 
all  of  these  questions  have  been  answered  in  the  affirmative.  In  many  in- 
stances, but  not  without  detours  and  delays,  results  have  been  better  than 
expected  or  hoped  for. 

The  British  magnetron  was  first  reproduced  in  America  at  the  Bell 
Telephone  Laboratories  for  use  in  its  radar  developments  and  those  at 
the  Radiation  Laboratory  of  the  National  Defense  Research  Committee 
which  was  then  being  formed  at  the  Massachusetts  Institute  of  Technology. 
Since  that  time,  extensive  research  and  development  work  has  been  carried 
on  in  our  Laboratories,  in  other  industrial  laboratories,  and  in  the  laboratories 
of  the  National  Defense  Research  Committee.  Several  manufacturers  have 
produced  the  resultant  designs.  Magnetron  research  and  development  was 
also  carried  on  in  Great  Britain  by  governmental  and  industrial  laboratories. 
There  has  been  continuous  interchange  of  information  among  all  these 
laboratories  through  visits  and  written  reports.  Magnetron  and  radar  de- 
velopments have  been  greatly  accelerated  by  this  interchange. 

Multicavity  magnetron  oscillators  are  iiow  available  for  use  as  pulsed  and 
continuous  wave  generators  at  wavelengths  from  approximately  0.5  to  50 
centimeters.  The  upper  limit  of  peak  power  is  now  about  100  kilowatts  at 
1  centimeter,  3  megawatts  at  10  centimeters.  Operating  voltages  may  be 
less  than  1  kilovolt  or  more  than  40  kilovolts.  The  magnetic  fields  essential 
to  operation  range  from  600  to  15,000  gauss.  Tunable  magnetrons  now 
exist  for  many  parts  of  the  centimeter  wave  region.  The  tuning  range  for 
pulsed  operation  at  high  voltage  is  about  ±5%.  It  is  as  much  as  ±20% 
for  low  voltage  magnetrons.  Magnetrons  may  now  be  tuned  electronically, 
making  frequency  modulation  possible.  Present  magnetron  cathodes  are 
rugged  and  have  long  life.  Even  for  high  frequency  magnetrons  where  cur- 
rent density  requkements  are  most  severe,  research  has  made  available 
rugged  cathodes  with  adequate  life.  Magnetrons  are  built  to  withstand 
shock  and  vibration  without  change  in  characteristics.  Designs  have  been 
compressed  and  in  some  cases  the  magnet  has  been  incorporated  in  the 
magnetron  structure  in  the  interest  of  light  weight  for  airborne  radar  equip- 
ments. 

PART  I  of  this  paper  is  a  general  discussion  of  present  knowledge  con- 
cerning the  magnetron  oscillator.  As  such  it  is  largely  a  discussion  of  what 
has  come  to  be  common  knowledge  among  those  who  have  carried  out 
wartime  developments.  It  brings  together  in  one  place  results  of  work 
done  by  all  the  magnetron  research  groups  including  that  at  our  Labora- 
tories.    PART  I  supplies  the  background  necessary  to  understanding  the 


MAGNETRON  AS  GENERATOR  OF  CENTIMETER  WAVES  169 

discussion  in  PART  II  of  the  magnetrons  developed  at  the  Bell  Laboratories 
during  the  war.  More  complete  presentations  of  the  experimental  and  theo- 
retical work  done  on  the  magnetron  during  the  war  are  soon  to  be  published 
by  other  research  groups. 

The  material  written  up  during  the  war  has  appeared  as  secret  or  confi- 
dential reports  issued  by  the  British  Committee  on  Valve  Development 
(CVD  Magnetron  Reports),  by  the  Radiation  Laboratories  at  the  Massa- 
chusetts Institute  of  Technology  and  at  Columbia  University,  and  by  the 
participating  industrial  laboratories.  No  attempt  has  been  made  in  PART  I 
to  indicate  the  specific  sources  of  the  work  done  since  1940.  To  fit  the  war- 
time development  of  magnetrons  into  the  sequence  of  previous  developments, 
specific  references  are  made  to  publications  appearing  in  the  literature  prior 
to  1940. 

The  nature  and  scope  of  PART  II  of  the  paper  are  discussed  more  fully 
in  its  introductory  Section,  11.     General  Remarks, 

PART  I 

THE  MAGNETRON  OSCILLATOR 
1.     General  Description 

1 . 1  Description:  The  multicavity  magnetron  oscillator  has  three  principal 
component  parts:  an  electron  interaction  space,  a  multiple  resonator  system, 
and  an  output  circuit.  Each  of  these  is  illustrated  schematically  in  Fig.  1. 
The  electron  interaction  space  is  the  region  of  cylindrical  symmetry  between 
the  cathode  and  the  multisegment  anode.  In  this  region  electrons  emitted 
from  the  cylindrical  cathode  move  under  the  action  of  the  DC  radial  electric 
field,  the  DC  axial  magnetic  field,  and  the  RF  field  set  up  by  the  resonator 
system  between  the  anode  segments.  These  electronic  motions  result  in  a 
net  transfer  of  energy  from  the  DC  electric  field  to  the  RF  field.  The  RF 
interaction  field  is  the  fringing  electric  field  appearing  between  the  anode  seg- 
ments, built  up  and  maintained  by  the  multicavity  resonator  in  the  anode 
block.  RF  energy  fed  into  the  resonator  system  by  the  electrons  is  delivered 
through  the  output  circuit  to  the  useful  load.  The  output  circuit  shown  in 
Fig.  1  consists  of  a  loop,  inductively  coupled  to  one  of  the  hole  and  slot  cavi- 
ties, feeding  a  coaxial  line. 

To  operate  such  a  magnetron  oscillator,  one  must  place  it  in  a  magnetic 
field  of  suitable  strength  and  apply  a  voltage  of  proper  magnitude  to  its 
cathode,  driving  the  cathode  negative  with  respect  to  the  anode.  This 
voltage  may  be  constant  or  pulsed.  In  the  latter  case,  the  voltage  is  applied 
suddenly  by  a  so-called  pulser  or  modulator  for  short  intervals,  usually  of 
about  one  microsecond  duration  at  a  repetition  rate  of  about  1000  pulses  per 
second.     With  suitable  values  of  the  operating  parameters,  the  magnetron 
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oscillates  as  a  self  excited  oscillator  whenever  the  DC  voltage  is  applied. 
The  energy  available  at  the  output  circuit  may  be  connected,  as  in  a  radar 
set,  to  an  antenna  or,  as  in  a  laboratory  experimental  setup,  may  be  absorbed 
in  a  column  of  water. 

1.2  Analogy  to  Other  Oscillators:  In  its  fundamental  aspects,  the  mag- 
netron oscillator  is  not  unlike  other  and  perhaps  more  familiar  oscillators. 
In  particular,  instructive  analogies  may  be  drawn  between  the  magnetron 
oscillator,  the  velocity  variation  oscillator,  and  the  simple  triode  oscillator. 
In  Fig.  2  is  depicted  schematically  the  parallelisms  between  these  types  of 
oscillators  and  a  simplified  equivalent  lumped  constant  circuit. 

In  the  triode  of  Fig.  2(a),  as  in  the  gap  of  the  second  cavity  of  the  velocity 
variation  tube  of  Fig.  2(b)  and  in  the  interaction  space  of  the  magnetron 


Fig.  1. — A  schematic  diagram  designed  to  show  the  principal  component  parts  of  a 
centimeter  wave  magnetron  oscillator.  The  resonator  system  and  output  circuit  each 
represents  one  of  several  types  used  in  magnetron  construction. 

oscillator  of  Fig.  2(c),  electrons  are  driven  against  RF  fields  set  up  by  the 
resonator  or  "tank  circuit,"  to  which  they  give  up  energy  absorbed  from  the 
primary  DC  source.  In  each  type  of  oscillator  there  is  operative  a  mecha- 
nism of  "bunching"  which  allows  electrons  to  interact  with  the  RF  field 
primarily  when  the  interaction  will  result  in  energy  transfer  to  the  RF  field. 
In  the  triode  oscillator  this  is  accomplished  by  the  grid,  whose  RF  potential 
is  supplied  by  the  "tank  circuit"  in  proper  phase  with  respect  to  the  RF 
potential  on  the  anode.  In  the  velocity  variation  oscillator,  bunching  is 
accomplished  by  variation  of  the  electron  velocities  in  the  gap  oi  the  first 
cavity,  followed  by  drift  through  the  intervening  space  to  the  second  gap. 
The  first  cavity  is  driven  in  proper  phase  by  a  feed  back  line  from  the  second 
cavity.  In  the  magnetron  oscillator,  as  is  to  be  described  in  detail  later, 
electron  interaction  with  the  RF  fields  is  such  as  to  group  the  electrons  into 
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Fig.  2. — A  schematic  diagram  depicting  the  parallelism  among  the  conventional 
triode  oscillator,  the  velocity  variation  oscillator,  the  centimeter  wave  magnetron 
and  an  equivalent  lumped  constant  circuit.  In  the  figure  an  attempt  is  made  to  align 
corresponding  parts  vertically  above  one  another. 

bunches  or  "spokes"  which  sweep  past  the  gaps  in  the  anode,  in  phase  for 
favorable  interaction  with  the  RF  fields  across  the  gaps.     The  bunching  field 
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is  thus  the  same  field  as  that  to  which  energy  is  transferred.  In  this  sense  the 
magnetron  oscillator  is  perhaps  more  properly  analogous  to  the  reflex  type 
of  velocity  variation  oscillator,  in  which  a  single  cavity  is  used  both  as 
"buncher"  and  "catcher";  the  electrons,  after  traversing  the  gap  once,  are 
turned  back  in  the  proper  phase  in  the  drift  space  so  as  to  pass  through  the 
gap  again  in  the  opposite  direction. 

Each  type  of  oscillator  has  a  resonator  in  which  energy  is  stored  and  which 
synchronizes  the  flow  of  energy  from  the  electrons  into  it  by  the  means  of 
self  excitation.  In  each  type,  energy  is  extracted  from  the  resonator  by  an 
output  circuit  at  a  rate  which,  under  steady  state  conditions,  equals  that  of 
influx  from  the  electron  interaction,  minus  the  losses  in  the  resonator  itself. 

1.3  Use  of  Equivalent  Circuits:  In  many  instances  the  understanding  of 
electromagnetic  oscillators  is  made  easier  and  analytic  trea  tment  made  pos- 
sible by  use  of  an  equivalent  circuit  with  lumped  constants.  Of  several 
possible  types,  one  of  the  simpler  and  more  frequently  used  for  the  magne- 
tron oscillator  is  shown  in  Fig.  2.  This  may  appear  in  the  case  of  the  multi- 
cavity  magnetron  to  be  an  oversimplification  as  it  does  not  account  for  the 
fact  that  the  resonant  frequency  of  the  magnetron  resonator  system  is  many 
valued.  A  magnetron  resonator,  being  made  up  of  a  number  of  coupled 
resonating  cavities,  is  capable  of  supporting  several  modes  of  oscillation. 
These  modes  of  oscillation  have  different  resonant  frequencies  and  corre- 
spond to  different  configurations  of  the  electromagnetic  fields.  By  means 
to  be  discussed,  however,  magnetron  resonators  can  be  made  to  oscillate 
"cleanly"  in  one  of  these  modes  and  may  thus  be  represented  for  many  pur- 
poses by  a  simple  L-C  circuit  having  a  single  resonance. 

The  output  circuit  of  the  oscillator  is  also  amenable  to  treatment  by 
equivalent  lumped  constant  circuits  which  account  for  its  behavior  with 
accuracy.  More  general,  four  terminal  network  theory  has  also  been  applied 
in  the  study  and  design  of  impedance  transformations  in  this  part  of  the 
oscillator. 

Finally,  the  electrons,  which  in  a  sense  are  connected  to  the  circuit  formed 
by  the  resonator  and  the  load,  may  also  be  treated  by  circuit  concepts. 
The  electrons  moving  in  the  space  between  the  cathode  and  anode,  by  virtue 
of  their  presence  and  motion,  induce  charge  fluctuations  on  the  anode  seg- 
ments. The  time  deriv'ative  of  these  fluctuations  is  equivalent  to  an  RF 
current  flowing  into  the  anode  from  the  interaction  space.  This  current  and 
the  RF  voltage  on  the  anode,  bearing  a  definite  phase  relationship,  make 
possible  the  definition  of  an  admittance  called  the  average  electronic  admit- 
tance, I'e  =  Ge  -\-  jBg.  Since  the  electrons  are  being  driven  against  RF 
fields  in  the  interaction  space,  this  admittance  looking  into  the  electron 
stream  has  a  negative  conductance  term.  Unlike  usual  circuit  admittances, 
the  electronic  admittance  is  nonlinear,  being  a  function  of  the  voltage 
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amplitude  of  oscillation,  Vrf,  as  well  as  of  other  parameters  governing  the 
electronic  behavior  of  the  oscillator,  such  as  voltage  and  magnetic  field. 
It  is  not  known  a  priori  but  may  be  deduced  from  measurements  on  the  op- 
erating oscillator  and  its  circuit. 

A  necessary  condition  for  oscillation,  applicable  to  the  magnetron  as  to 
any  oscillator,  is  that,  on  breaking  the  circuit  at  any  point,  the  sum  of  the 
admittances  looking  in  the  two  directions  is  zero.  Thus,  if  the  circuit  is 
broken  at  the  junction  of  electrons  and  resonator,  as  is  convenient,  the  elec- 
tronic admittance,  Yg,  looking  from  the  circuit  into  the  electron  stream, 
must  be  the  negative  of  the  circuit  admittance,  F„  looking  from  the  electron 
stream  into  the  circuit. 

With  these  remarks,  of  general  applicability  to  all  types  of  electromagnetic 
oscillators,  the  discussion  will  be  continued  for  the  centimeter  wave  mag- 
netron oscillator  in  particular.  As  far  as  is  possible,  the  electronic  inter- 
action space,  resonator  system,  and  output  circuit  of  the  device  will  be  taken 
up  in  that  order.  The  function  and  operation  of  each  part  will  be  described ; 
then  the  principles  of  its  design,  and  its  relation  to  previous  magnetron 
development  will  be  indicated. 

1 .4  Electron  Motions  in  Electric  and  Magnetic  Fields— The  DC  Magnetron: 
Before  beginning  the  discussion  of  the  electronics  of  the  magnetron  oscillator, 
it  would  be  well  to  review  briefly  electron  motions  in  various  types  and  com- 
binations of  electric  and  magnetic  fields,  and  the  operation  of  the  DC 
magnetron.' 

An  electron,  of  charge  e  and  mass  m,  moving  in  an  electric  field  of  strength 
£,  is  acted  upon  by  a  force,  independent  of  the  electron's  velocity,  of  strength 
eE,  directed  oppositely  to  the  conventional  direction  of  the  field.  If  the 
field  is  constant  and  uniform,  the  motion  of  the  electron  is  identical  to 
that  of  a  body  moving  in  a  uniform  gravitational  field. 

An  electron  moving  in  a  magnetic  field  of  strength  B,  however,  is  acted 
upon  by  a  force  which  depends  on  the  magnitude  of  the  electron's  velocity,  v, 
on  the  strength  of  the  field,  and  on  how  the  direction  of  motion  is  oriented 
with  respect  to  the  direction  of  the  field.  The  force  is  directed  normal  to 
the  plane  of  the  velocity  and  magnetic  field  vectors  and  is  of  magnitude 
proportional  to  the  velocity,  the  magnetic  field,  and  the  sine  of  the  angle,  6, 

between  them.     Thus  the  force  is  the  cross  or  vector  product  of  v  and  7^, 

"?  =  e[vX  B],        F  =  Bev  sin  d. 

An  electron  moving  parallel  to  a  magnetic  field  (sin  6  =  0)  feels  no  force. 
One  moving  perpendicular  to  a  uniform  magnetic  field  (sin  d  =  1)  is  con- 

iThe  cylindrical  DC  magnetron  was  reported  by  A.  W.  Hull.  Phys.  Rev.  18,  31 
(1921). 
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strained  to  move  in  a  circle  by  the  magnetic  force  at  right  angles  to  its  path. 
Since  this  force  is  balanced  by  the  centrifugal  force,  the  radius,  p,  of  the 
circular  path  depends  on  the  electron's  momentum  and  the  strength  of  the 
field;  that  is, 


Bev  =  — 'j 
P 


yielding 


P  = 


mv 
'eB' 


(1) 


Fig.  3. — The  cycloidal  path  of  an  electron  which  started  from  rest  at  the  cathode  in 
crossed  electric  and  magnetic  fields  for  the  case  of  parallel  plane  electrodes.  The  mecha- 
nism of  generation  of  the  orbit  by  a  point  on  the  periphery  of  a  rolling  circle  is  depicted. 

The  time,  Tc,  required  to  traverse  the  circle  is  independent  of  the  radius 
and  hence  of  the  velocity  of  the  electron;  Tc  =  2Trp/v  =  lirm/eB.  Thus, 
the  angular  frequency  of  traversing  the  circular  path,  the  so-called  cyclo- 
tron frequency,  depends  on  the  magnetic  field  alone  and  is  given  by, 


lirfc  =  2tt       =      B. 
■^  Tc       m 


(2) 


In  the  magnetron,  electron  motion  in  crossed  electric  and  magnetic  fields 
is  involved.  Consider  first  such  motion  between  two  parallel  plane  elec- 
trodes, neglecting  space  charge.  If,  as  in  Fig.  3,  the  electric  field  is  directed 
in  the  negative  y  direction  and  the  magnetic  field  in  the  negative  s  direction, 
the  equations  of  motion  of  the  electron  are : 


MAGNETRON  AS  GENERATOR  OF  CENTIMETER  WAVES 


175 


IF 


eBdy 
m  dt  ' 


d~y        e 
dr        m 

dH 


(  dx\ 


dt' 


=  0. 


(3) 


The  particular  case  of  most  interest  here  is  that  for  which  the  electron 
starts  from  rest  at  the  origin.  The  equations  of  motion  then  yield  a  cycloidal 
orbit  given  by  the  parametric  equations: 


X  =  vj  —  pc  sin  coj  =  Pc{(jict  ~  sin  cocO 
y  =  pc{\  —  cos  cocO; 


in  which: 


Vc    = 


Pc 


E 
B' 

mE 
~eB'' 


m 


B. 


(4) 

(5) 
(6) 
(7) 


This  motion  may  be  regarded  as  a  combination  of  rectilinear  motion  of 
velocity  Vc  in  the  direction  of  the  x  axis,  perpendicular  to  both  E  and  B, 
and  of  motion  in  the  xy  plane  about  a  circular  path  of  radius  Pc,  at  an 
angular  frequency  Wc,  the  cyclotron  frequency.  Fig.  3  shows  the  resulting 
cycloidal  path  and  its  generation  by  a  point  on  the  periphery  of  the  rolling 
circle.  In  the  case  of  cylindrical  geometry,  it  is  often  convenient  to  think 
in  terms  of  the  plane  case. 

In  the  case  of  cylindrical  geometry  with  radial  electric  and  axial  magnetic 
tields,  the  electron  orbit,  neglecting  space  charge,  approximates  an  epicycloid 
generated  by  rolling  a  circle  around  on  the  cyhndrical  cathode.  The  orbit 
is  not  exactly  an  epicycloid  because  the  radial  motion  is  not  simple  harmonic, 
which  state  of  affairs  arises  from  the  variation  of  the  DC  electric  field  with 
radius.  The  approximation  of  the  epicycloid  to  the  actual  path  is  a  con- 
venient one,  however,  because  the  radius  of  the  rolling  circle,  its  angular 
frequency  of  rotation,  and  the  velocity  of  its  center,  for  the  epicycloid, 
all  approximate  those  for  the  cycloid  of  the  plane  case.  These  approxima- 
tions improve  with  increasing  ratio  of  cathode  to  anode  radii.  Several 
electron  orbits  in  a  DC  cylindrical  magnetron  are  shown  in  Fig.  4  for  several 
magnetic  fields. 
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It  is  clear  from  this  simplified  picture  of  the  orbits  in  a  DC  cylindrical 
magnetron  without  space  charge,  that,  at  a  given  electric  field,  an  electron 
orbit  for  a  sufficiently  strong  magnetic  field  may  miss  the  anode  completely 
and  return  to  the  cathode.  The  critical  magnetic  field  at  which  this  is  just 
possible  is  called  the  cut-off  value,  Be.  For  a  given  voltage  between  cathode 
and  anode,  as  the  magnetic  field  is  increased,  the  current  normally  passed 
by  the  device  falls  rather  abruptly  at  5c.  A  current  versus  magnetic  field 
curve,  together  with  electron  orbits  corresponding  to  four  regions  of  the 


Fig.  4. — Electron  paths  in  a  cylindrical  DC  magnetron  at  several  magnetic  fields  above 
and  below  the  cut-off  value,  Be.  The  electrons  are  assumed  to  be  emitted  from  the  cathode 
with  zero  initial  velocity. 

curve,  are  shown  in  Fig.  5.  For  the  case  of  parallel  plane  electrodes,  the 
cut-off  relation  between  the  critical  anode  potential,  Fc,  and  magnetic  field. 
Be,  and  the  electrode  separation,  d,  for  the  parallel  plane  case,  is  obtained 
by  equating  the  electrode  separation  to  the  diameter  of  the  rolling  circle. 
Thus, 


d  = 


\d)BV 


2  -t  -f  1-, 


from  which 


F.  = 


eBtd' 
2m 
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For  the  cylindrical  case,  the  relation  may  be  shown  to  be 

(8) 


-■■•-ff- -(;;)■]■ 


in  terms  of  cathode  and  anode  radii,  r<  and  fa- 

2.    Types  of  Magnetron  Oscillators 

2.1  Definitions:  The  DC  magnetron  may  be  converted  into  an  oscillator, 
suitable  for  the  generation  of  centimeter  waves,  by  introducing  RF  fields  into 
the  anode-cathode  region.     This  may  be  done  by  applying  between  anode 


MAGNETIC  FIELD,  B 


Fig.  5.— Variation  of  current  passed  by  a  cylindrical  DC  magnetron  at  constant  voltage, 
plotted  as  a  function  of  magnetic  field.  The  orbits  of  electrons  occurring  at  four  different 
magnetic  fields  are  shown  above  the  corresponding  regions  of  the  current  characteristic. 

and  cathode  RF  voltage  from  a  resonant  circuit,  in  which  case  the  electrons 
interact  with  the  superposed  radial  RF  field.  Or,  it  may  be  done  by  split- 
ting the  magnetron  anode  into  two  or  more  segments  between  which  the 
RF  voltage  is  applied.  Then  the  electrons  interact  with  the  fringing  RF 
fields  existing  between  the  segments.  The  problem  of  understanding  the 
electronics  of  the  multicavity  magnetron  oscillator  is  that  of  understanding 
how  an  electron,  subject  to  the  constraints  placed  upon  its  motion  by  the 
DC  axial  magnetic  and  DC  radial  electric  fields,  can  move  so  as  to  interact 
favorably  with  the  RF  field;  how  an  electron  interacting  unfavorably  is 
rejected;  and  why,  on  the  average,  the  electrons  transfer  more  energy  to 
the  RF  field  than  they  take  from  it. 
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On  the  basis  of  the  nature  of  the  electronic  mechanism  by  means  of  which 
energy  is  transferred  to  the  RF  field,  it  is  now  convenient  to  distinguish 
three  types  of  magnetron  oscillators.^  The  negative  resistance  magnetron 
oscillator  depends  on  the  existence  of  a  static  negative  resistance  character- 
istic between  the  two  halves  of  a  split  anode. ^  The  cyclotron  frequency  mag- 
netron oscillator  operates  by  virtue  of  resonance  between  the  period  of  RF 
oscillation  and  the  period  of  the  cycloidal  motion  of  the  electrons  (rolling 
circle  or  cyclotron  frequency).^  The  traveling  wave  magnetron  oscillator  de- 
pends upon  resonance,  that  is,  approximate  equality,  between  the  mean 
translational  velocity  of  the  electrons  and  the  velocity  of  a  traveling  wave 
component  of  the  RF  interaction  field. ^ 

The  magnetron  oscillator  with  which  this  paper  is  primarily  concerned 
is  of  the  traveling  wave  type.  The  other  magnetron  types  are  discussed 
briefly  for  the  sake  of  completeness  and  because  an  understanding  of  them 
enhances  one's  grasp  of  the  entire  subject  and  places  the  traveling  wave 
magnetron  oscillator  in  its  proper  historical  perspective. 

2.2  The  Negative  Resistance  Magnetron  Oscillator — Type  I:  In  the  neg- 
ative resistance  magnetron  oscillator,^  the  anode  is  split  parallel  to  the 
axis  into  two  halves,  between  which  the  RF  circuit  is  attached.  The  elec- 
trons emitted  by  the  cathode  must  move  under  the  combined  action  of 
the  DC  radial  electric  and  DC  axial  magnetic  fields  together  with  the  RF 
electric  field  existing  between  the  two  semicyhnders  forming  the  anode. 
The  transit  time  from  cathode  to  anode  is  not  involved  in  the  mechanism 
except  that  it  must  be  small  relative  to  the  period  of  the  RF  oscillation.  The 
static  negative  resistance  characteristic  arises  from  the  fact  that  under  cer- 
tain conditions  the  allowable  orbits  for  the  majority  of  electrons  terminate 
on  the  segment  of  lower  potential,  irrespective  of  the  segment  toward  which 
they  start.  These  electrons,  being  driven  against  the  RF  component  of 
the  field,  give  energy  gained  from  the  DC  field  to  the  RF  field. 

In  Fig.  6  are  shown  the  paths,  plotted  by  Kilgore,'^  of  two  electrons  start- 
ing initially  toward  opposite  segments  but  both  striking  the  segment  of 
lower  potential.     Each  path  is  completely  traversed  in  a  time  during  which 

2  The  magnetron  oscillator  discussed  by  Hull,  in  which  the  magnet  winding  is  coupled 
to  the  plate  circuit,  is  not  considered  as  it  is  essentially  an  audio  frequency  device.  K. 
Okabe  in  his  book,  "Magnetron-Oscillations  of  Ultra  Short  Wavelengths"  (Shokendo, 
1937),  distinguishes  five  types,  but  it  is  not  clear  just  how  liis  types  C  and  E  are  to  be 
identified. 

3  These  oscillations  have  been  called  Habann,  quasi-stationary,  or  dynatron  oscilla- 
tions, and  correspond  to  Okabe's  type  D. 

■i  These  oscillations  have  been  called  electronic  oscillations  by  Megaw,  transit  time 
oscillations  of  the  first  order  by  Herriger  and  Hiilster,  and  correspond  to  Okabe's  type  A. 

^  These  oscillations  are  the  running  wave  type  discussed  by  Posthumus,  the  transit 
time  oscillations  of  higher  order  of  Herriger  and  Hiilster,  and  correspond  to  Okabe's 
type  B. 

«  This  t\pe  was  disclosed  by  Habann,  Zeit  f.  Hochfrequenz.  24,  115  and  135  (1924). 

'  G.  R.  Kilgore,  Proc.  I.R.E.  24,  1140  (1936). 
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the  RF  ikld  changes  little.     Thus  it  is  possible  by  api)lying  DC  potential 

differences  between  the  anode  segments  to  measure  a  negative  resistance 

between  them.     As  can  be  seen  from  the  orbits  of  Fig.  6,  magnetic  fields 

considerably  above  the  cut-off  value  are  used.     With  magnetrons  of  this 

type,  power  output  up  to  100  watts  at  600  mc/s  at  an  efficiency  of  25%  has 

been  attained.''    Oscillations  of  frequency  as  high  as  1000  mc/s,  (30  cm.) 

have  been  produced.^    Because  a  large  number  of  orbital  loops  are  required, 

eB 
however,  making  co  «  — ,  this  t\-pc  of  magnetron  oscillator  demands  the 
m 
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Fig.  6. — Electron  paths  plotted  by  Kilgore  for  the  negative  resistance  magnetron 
oscillator,  Type  I.  During  the  time  the  orbits  shown  are  being  executed,  the  cathode  is  at 
zero  potential  and  the  anode  segments  at  the  potentials  indicated.  Lines  of  electric  force 
on  an  electron  are  plotted  in  this  figure.  The  two  orbits  are  those  of  electrons  which  start 
initially  toward  opposite  anode  segments.  It  should  be  noted  that  in  either  case  the  elec- 
tron is  driven  to  the  segment  of  lower  potential  against  the  RF  field  component. 

use  of  high  magnetic  field  in  the  centimeter  wave  region  and  is  thus  less 
desirable  than  other  types. 

2.3  The  Cyclotron  Frequency  Magnetron  Oscillator— Type  II:  Not  long 
alter  the  invention  of  the  DC  magnetron,  oscillations  between  anode  and 
cathode  were  found  to  occur  near  the  cut-off  value  of  magnetic  field.^ 
These  were  found  to  be  strongest  for  wavelengths  obeying  a  relation  of 
the  form: 


X  = 


constant 


B 


(9) 


«  E.  C.  S.  Megaw,  Journ.  I.E.E.  (London)  72,  326  (1933). 
9  A.  Zacek,  Cos.  Pro.  Pest.  Math,  a  Fys.  (Prague)  53,  578  (1924). 
in  Zeit.  f.  Hochfrequenz.  32,  172  (1928). 
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Later,  it  was  shown  that  the  oscillation  period  is  equal  to  the  electron  transit 
time  from  the  vicinity  of  the  cathode  to  the  vicinity  of  the  anode  and  back. 
This  made  it  possible  to  calculate  a  value  for  the  constant  in  the  above 
equation  in  good  agreement  with  experiment.'"  The  oscillation  frequency  is 
that  of  the  rotational  component  of  the  electronic  motion,  that  is,  approxi- 
mately the  cyclotron  frequency  of  equation  (7). 

The  mechanism  must  be  explained  in  terms  of  electrons  moving  in  the  DC 
radial  electric  and  axial  magnetic  fields  and  the  superposed  RF  radial  elec- 
tric field.  This  may  be  done  as  follows:  An  electron  leaving  the  cathode 
in  such  phase  as  to  gain  energy  when  moving  from  the  cathode  toward  the 
anode  will  also  gain  energy  during  its  return,  striking  the  cathode  with  more 
energy  than  it  had  when  it  left.  There,  such  an  electron  is  stopped  from 
further  motion  during  which  it  would  continue  to  absorb  energy  from  the 


Fig.  7. — An  approximate  orbit  of  an  electron  which  gains  energy  from  the  RF  field  in 
a  cyclotron  frequency  or  Type  II  magnetron  oscillator,  shown  for  the  plane  case.  The 
orbit  is  continued  as  a  dashed  line  indicating  how  it  would  be  traversed  were  it  not  stopped 
by  the  cathode.     The  DC  electric  force  on  the  electron  is  directed  from  cathode  to  anode. 

RF  field  at  the  expense  of  the  oscillation.  The  electron  will  execute  an 
orbit  something  like  that  of  Fig.  7  for  the  plane  case.  An  electron  leaving 
the  cathode  in  the  opposite  phase,  on  the  other  hand,  loses  energy  when 
moving  toward  the  anode  and  again  on  its  return  toward  the  cathode.  As 
is  shown  in  Fig.  8,  it  reverses  its  direction  after  the  first  trip  without  reaching 
the  cathode  surface  and  starts  over  on  a  second  loop  of  smaller  amplitude, 
remaining  in  the  same  phase  and  continuing  to  lose  energy  to  the  field.  This 
process  continues  until  all  the  energy  of  the  rotational  component  of  the 
electron's  motion  has  been  absorbed  by  the  RF  field.  If  the  electron  is  not 
removed  at  this  stage,  in  its  subsequent  motion  the  rotational  component 
will  build  up,  extracting  energy  from  the  RF  oscillation.  Means  such  as 
tilting  the  magnetic  field  or  placing  electrodes  at  the  ends  of  the  tube  have 
been  used  to  remove  the  electrons  from  the  interaction  space  when  all  the 

"  K.  Okabe,  Proc.  I.R.E.  17,  652  (1970). 
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rotational  energ>'  has  been  absorbed.  It  is  possible  to  maintain  the  oscilla- 
tions and  extract  energy  from  them  because  electrons  which  give  energy  to 
the  field  can  do  so  over  many  cycles,  whereas  electrons  of  opposite  phase  can 
gain  energy  over  only  one  cycle  before  they  are  removed. 

Magnetrons  oscillating  in  this  manner  have  been  built  with  split 
anodes. '"•'!  Here  the  RF  field  with  which  the  electron  interacts  is  more 
tangential  than  radial  but  the  criterion  for  oscillation  is  the  same,  namely, 
resonance  between  the  field  variations  and  the  rotational  component  of  the 
electron's  motion.  Operating  efficiencies  of  10  to  15%  have  been  obtained. 
It  was  with  a  magnetron  of  this  type  having  an  anode  diameter  of  0.38  mm. 
that  radiation  of  wavelength  as  low  as  0.64  cm.  was  generated. •- 

The  cyclotron  frequency  magnetron  oscillator  has  been  almost  entirely 
superseded  by  the  traveling  wave  magnetron  oscillator  as  a  generator  of 


Fig.  8. — An  approximate  orbit  of  an  electron  which  loses  energy'  to  the  RF  field  in  a 
cyclotron  frequency  or  T^'pe  II  magnetron  oscillator,  shown  for  the  plane  case.  If  the 
electron  after  losing  all  its  rotational  energy  remains  in  the  interaction  space,  it  gains 
energy  from  the  RF  field,  and  its  orbit  builds  up  cycloidal  scallops  in  a  manner  directly 
the  reverse  of  that  shown  here.  The  DC  electric  force  on  the  electron  is  directed  from 
cathode  to  anode. 


centimeter  waves.  In  the  main  this  is  the  result  of  the  impossibility  of 
removing  electrons  emitted  from  an  extended  cathode  area  from  the  inter- 
action region  at  the  proper  stage  in  their  orbits.  This  inherent  drawback  is 
not  shared  by  the  traveling  wave  magnetron  oscillator  which  may  be  oper- 
ated at  higher  efficiency  without  critical  adjustment  of  orientation  in  the 
magnetic  field  or  of  the  potential  of  auxiliary-  electrodes. 

2.4  The  Traveling  Wave  Magnetron  Oscillator — Type  III:  Oscillations 
have  been  found  to  occur  in  the  magnetron  which  are  independent  of  any 
static  negative  resistance  characteristic  and  which  can  occur  at  frequen- 
cies widely  different  from  the  cyclotron  frequency.  In  1935'-^  the  elec- 
tronic mechanism  of  these  oscillations  was  correctly  interpreted  as  an  inter- 

11  H.  Yagi,  Proc.  I.R.E.  16,  715  (1928). 

12  C.  E.  Cleeton  and  N.  H.  Williams,  Phys.  Rev.  50,  1091  (19361. 
"K.  Posthumus,  Wireless  Engineer  12.  126  (1935). 
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action  of  the  electrons  with  the  tangential  component  of  a  traveling  wave 
whose  velocity  is  approximately  equal  to  the  mean  translational  velocity 
of  the  electrons.  Later"  the  role  of  the  radial  component  of  the  rotating 
electric  field  in  keeping  the  electrons  in  proper  phase  was  recognized. 
Magnetrons  of  wavelength  as  short  as  75  cm.,  operating  at  better  than  50% 
efficiency,  were  built  prior  to  1940,  but  performance  such  as  was  later  to  be 
attained  with  this  type  of  magnetron  at  much  shorter  wavelengths  was  not 
attained  then,  perhaps  primarily  because  of  the  lack  of  a  good  resonator. 
It  was  a  magnetron  of  this  type  which  the  British  brought  to  the  United 
States  in  1940.  The  British  magnetron  was  a  10  cm.  oscillator,  intended 
for  pulsed  operation,  having  a  tank  circuit  consisting  of  eight  resonators 
built  into  the  anode  block  as  shown  in  Fig.  1.'^ 

3.    The  Electronic  Mechanism 

3.1  Electronic  Interaction  at  Anode  Gaps:  The  electrons  in  the  interaction 
space  of  the  magnetron  oscillator  are  the  agents  which  transfer  energy  from 
the  DC  field  to  the  RF  field.  As  such,  they  must  move  subject  to  the  con- 
straints imposed  by  the  DC  radial  electric  and  DC  axial  magnetic  fields, 
considering,  for  the  moment,  the  RF  fields  to  be  small.  Under  these  condi- 
tions, as  has  been  seen  for  the  DC  cylindrical  magnetron  (see  Fig.  4  for 
B  >  Be),  electrons  follow^  approximately  epicycloidal  paths  which  progress 
around  the  cathode.  The  mean  velocity  of  this  progression,  that  of  the 
center  of  the  rolling  circle,  depends  upon  the  relative  strengths  of  the  electric 
and  magnetic  fields  [see  equation  (5)  for  the  plane  case].  By  proper  choice 
of  DC  voltage,  V,  between  cathode  and  anode  and  of  magnetic  field,  B, 
the  mean  angular  velocity  of  the  electrons  may  be  set  at  any  desired  value. 

The  RF  electric  fields  in  the  interaction  space,  with  which  the  electrons 

moving  as  described  above  must  interact,  are  the  electric  fields  fringing  from 

the  slots  in  the  anode  surface.     These  fields  are  provided  b}'  the  X  coupled 

oscillating  cavities  of  which  the  magnetron  resonator  system  is  composed. 

As  will  be  discussed  in  more  detail  later,  such  a  system  of  resonators  may 

oscillate  in  a  number  of  different  modes  in  each  of  which  the  oscillations  in 

adjacent  resonators,  and  thus  the  fields  appearing  across  adjacent  anode 

slots,  bear  a  definite  phase  relationship.     For  a  system  of  N  resonators  it 

will  be  seen  that  the  phase  difference  between  adjacent  resonators  ma}- 

2ir         .  N 

assume  the  values  n  —  radians,  n  being  the  integers  0,  1,  2,  •  ■  •  ,  —  . 

Adopting  another  point  of  view,  one  may  consider  the  potentials  placed 
upon  the  anode  segments  by  the  resonators.     The  variation  of  the  potential 

1^  F.  Herriger  and  F.  Hulster,  Zeit.  f.  Hochfrequenz,  49,  123  (1937). 

^^  The  use  of  such  internal  resonators  is  reported  in  the  literature  bv  N.  T.  Alekseieff 
and  D.  E.  Maliaroff,  Journ.  of  Tech.  Phys.  (U.S.S.R.)  10,  1297  (1940);  republished  in 
English,  Troc.  I.R.E.  32,  136  (1944).  A.  L.  Samuel  has  obtained  U.  S.  Patent  i^  2,063,342 
Dec.  8,  1936,  for  a  similar  device. 


MAGNETRON  AS  GENERATOR  OF  CENTIMETER  WAVES 


183 


from  one  segment  to  the  next  depends  upon  the  mode  of  oscillation  of  the 
system  as  a  whole.  The  restriction  on  the  phase  difference  stated  above 
requires  the  sequence  of  anode  segment  potentials  at  any  instant  to  contain 


A 


t  +  1  /4  T 
t+  2/4  T 
t  +  3  /4  T 
t,  +  4  /4  T 
t  +  5  /4  T 
t  +  6  /4  T 
t  *  7  /4  T 
t  -^  8/4  T 
t  +  9  /4  T 
t  +  1  0  /4  T 
t  +  n  /4  T 
t+  12/4  T 
t+  13/4  T 
t,  +  1  4  /4  T 
t +  15/4  T 
t  <•   16/4   T 


|k|  =28     20 


Fig.  9. — A  plot  showing  the  tt  mode  anode  potential  wave  at  several  instants  in  an  eight 
resonator  magnetron  and  the  mean  paths  of  electrons  which  interact  favorably  with  the 
RF  field.  The  plot  is  developed  from  the  cylindrical  case,  the  shaded  rectangles  at  the  top 
representing  the  anode  segments.  The  anode  potential  variation  is  a  standing  wave, 
shown  here  for  a  sequence  of  instants  one  quarter  period  (r/4)  apart.  Note  that  the  po- 
tential is  constant  across  the  anode  surfaces  and  varies  linearly  between  them.  Electrons 
interacting  favorably  with  the  RF  field  cross  the  anode  gaps  when  the  field  there  is  maxi- 
mum retarding  as  indicated  by  the  filled  circles.     The  lines  for  |  ^  |  =  4,  12,  20,  28,  •  •  •  rep- 

,  r      ,  1-  •  1  1  1      -i-        27r/    1-kJ    lirf 

resent  mean  paths  of   electrons  traveung  with   mean  angular  velocities   —r-,  -rj,  -^j 


l-n-f 

-;r— ,  •  •  •  around  in  the  interaction  space. 


Since  the  field  is  a  standing  wave,  it  is  clear  that 

electrons  possessing  these  velocities  in  either  direction  may  interact  favorably  with  the  RF 
field. 

n  complete  cycles  in  one  traversal  of  the  cylindrical  anode,  n  still  denoting 

N 
the  integers  0,  1,  2,  •  •  •  ,  -  .     In  general,  these  anode  potential  waves  may 

be  standing  waves  or  waves  travehng  around  the  anode  structure  in  either 

direction  with  angular  velocity  — ^   radians  per  second,  where  /  is  the  RF 
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frequency.     For  the  two  modes  in  which  adjacent  resonators  are  in  phase 

N 
{n  =  0)  and  tt  radians  out  of  phase  (n=  -,  the  so-called  tt  mode),  however, 

only  standing  potential  waves  on  the  anode  are  possible.     As  examples  of 
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Fig.  10. — A  plot  similar  to  that  of  Fig.  9  for  the  standing  wave  component  of  anode 

potential  of  periodicity  «  =  2  in  a  magnetron  having  eight  resonators.     Electrons  which 

.  ,  ,     ,  ,  ....      2-n-f    Ivf    2irf    2irf 

mteract  favorably  have  mean  angular  velocities  — ,  — ,  -rrr,  -rj, 
in  the  interaction  space. 


in  either  direction 


standing  and  traveling  anode  potential  waves  in  an  anode  structure  having 
eight  resonators  {N  =  8),  the  standing  wave  for  w  =  4  and  standing  and 
traveling  waves  for  n  =  2  are  shown  in  Figs.  9,  10,  and  11  respectively. 

From  what  has  been  said  about  the  RF  field  and  the  electronic  motion  in 
the  interaction  space  of  the  magnetron  oscillator  of  T}TDe  III,  it  is  possible 


MAGNETRON  AS  GENERATOR  OF  CENTIMETER  WAVES 


185 


to  understand  its  fundamental  electronic  mechanism.  As  in  any  oscillator, 
the  criterion  for  oscillation  is  that  more  energy  shall  be  transferred  to  the 
RF  field  by  electrons  driven  against  it  than  is  taken  from  the  RF  field  by 
electrons  accelerated  by  it.     This  can  be  accomplished  in  the  traveling  wave 
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Fig.  11. — A  plot  similar  to  those  of  Figs.  9  and  10  for  the  rotating  wave  of  anode  potential 
of  periodicity  »  =  2  in  a  magnetron  having  eight  resonators  [see  equation  (13)  in  the  text]. 
The  field  at  the  instant  /  +  |r  is  plotted  as  a  dashed  line  to  show  that  the  traveling  wave 
does  not  preserve  its  shape  at  all  instants.     Whereas  the  wave  travels  in  one  direction  with 

the  angular  velocity  -^p,  electrons  which  travel  with  velocities  —z-,  -777,  -77,  •  •  ■  in  the 
Z  L       lU      10 


.  ,        1      .  ■       27r/    27r/ 
same  directioii  or  with  velocities  —7-,  -77, 

6      14 


in  the  opposite  direction  interact  favoral)Iy 

with  the  RF  field.     Directions  of  electron  motion  must  now  be  distinguished.     Electrons 
whose  velocity  is  opposed  to  that  of  the  rotating  field  are  said  to  be  driving  a  "reverse"  mode. 


magnetron  oscillator  only  if  the  mean  angular  velocity  of  the  electrons  is 
such  as  to  make  them  pass  successive  gaps  in  the  anode  at  very  nearly  the 
same  phase  in  the  cycle  of  the  RF  field  across  the  gaps.  Then  it  is  possible 
for  an  electron  which  leaves  the  cathode  in  such  phase  as  to  oppose  the 
tangential  component  of  the  RF  field  across  one  anode  gap,  to  continue  to 
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lose  energy  gained  from  the  DC  field  to  the  RF  field  at  successive  gaps. 
Electrons  which  gain  energy  from  the  RF  field  are  driven  back  into  the 
cathode  after  only  one  orbital  loop  and  are  removed  from  further  motion 
detrimental  to  the  oscillation.  This  process  of  selection  and  rejection  of 
electrons  forms  the  groups  of  bunches,  shown  in  Fig.  2(c),  which  sweep  past 
the  anode  slots  in  phase  to  be  retarded  by  the  RF  field  component.  The 
criterion  that  the  electron  drift  velocity  shall  be  such  as  to  keep  these 
bunches  in  proper  phase  is  analogous  to  the  condition  that  the  drift  angle 
in  a  velocity  variation  oscillator  [Fig.  2(b)]  be  such  as  to  cause  the  bunches 
to  cross  the  gap  of  the  second  or  "catcher"  cavity  in  phase  to  lose  energy 
to  the  RF  field  across  the  gap. 

The  condition  placed  upon  the  mean  angular  velocity  of  the  electrons  may 
be  discussed  more  readily  by  reference  to  Figs.  9,  10,  and  11.  Consider 
first,  however,  only  Fig.  9  for  the  standing  potential  wave  of  the  n  =  ^  mode, 
and  focus  attention  on  an  electron  which  crosses  the  gap  between  anode 
segments  1  and  2  at  the  instant  t  when  the  RF  field  is  maximum  retarding, 
that  is,  the  potential  on  segment  1  is  maximum  and  on  segment  2  minimum. 
It  is  clear  that  this  electron  can  cross  the  next  gap  in  the  same  phase  if  the 
time  required  to  reach  it  is  (|^|  +  |)  T,  in  which  p  is  any  integer  and  T  is 
the  period  of  RF  oscillation.  In  Fig.  9,  four  lines  are  drawn  representing 
the  mean  paths  of  electrons  moving  with  such  velocities  as  to  make  p  = 
0,  1,  2,  and  3.  Each  line  crosses  a  gap  when  the  RF  field  is  maximum 
retarding,  that  is,  when  the  potential  has  the  maximum  -negative  slope  at 
the  center  of  the  gap.  As  will  be  seen  later,  a  more  convenient  parameter, 
to  be  called  k,  is  that  whose  absolute  magnitude,  |^|,  specifies  the  number 
of  RF  cycles  required  for  the  electron  to  move  once  around  the  interaction 

space.     —  is  then  the  number  of  cycles  between  crossings  of  successive 

anode  gaps,  which  for  the  tt  mode  of  Fig.  9  must  take  on  the  values: 

1^1        ,,         1 

^=1^1  +  2'  P  =  0,±1,±2,--., 

or  the  values  given  by  the  more  general  expression,  applicable  to  any  mode: 

\k\  n 

ft 

In  this  expression,  —  is  the  phase  difference  between  adjacent  resonators, 
expressed  as  a  fraction  of  a  cycle,     k  may  thus  assume  the  values  given  by 

k  =  n  +  pN,  ] 

(10) 
^  =  0,  ±1,  ±2,  .-.. 
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The  mean  angular  velocity  which  the  electrons  must  possess  is  then  given  by 

dd        2tj^        lirf 

dt^kT^    k    '  ^^^^ 

in  which  6  is  the  azimuthal  angle. 

For  the  tt  mode  («  =  -)  it  is  seen  that  the  negative  integers,  p,  give  the 

same  series  of  values  for  |  ^  [  as  do  the  positive  integers  including  zero. 
The  sequence  is  |  ^  |  =  4,  12,  20,  28,  •  •  •  .  Reference  to  Fig.  9  indicates 
that  electrons  may  travel  in  either  direction  around  the  interaction  space 
and  interact  favorably  with  the  RF  field,  provided  their  mean  angular 
velocity  is  given  by  equation  (11)  with  values  of  k  specified  by  equation 
(10).  That  this  should  be  so  is  clear  from  the  fact  that  the  anode  potential 
wave  is  a  standing  wave  with  respect  to  which  direction  has  no  meaning. 
Fig.  9  also  makes  clear  how  an  electron  moving  with  velocity  different  from 
that  corresponding  to  the  lines  shown,  will  fall  out  of  step  with  the  field, 
and  on  the  average  be  accelerated  as  much  as  it  is  retarded,  thus  eilecting 
no  net  energy  transfer. 

In  Figs.  10  and  11,  diagrams  for  the  n  =  2  mode  similar  to  that  of  Fig.  9 
for  the  TT  mode  are  shown.  Fig.  10  is  for  electronic  interaction  with  a  stand- 
ing wave  of  periodicit}-  n  =  2  and  Fig.  1 1  for  a  traveling  wave  of  the  same 
periodicity.  Again,  as  in  the  case  of  the  t  mode,  the  values  of  k  for  favorable 
electronic  interaction  are  given  by  equation  (10). 

The  sequence  of  positive  integral  values  of  p  (including  zero)  and  the 
sequence  of  negative  integral  values  of  p  do  not  each  give  the  same  sequence 
of  values  for  |  ^  |  as  was  the  case  for  the  7r  mode.  For  ^  ^  0,  ]  ^  |  =  2, 
10,  18,  •  •  •,  and  for  ^  <  0,  |  ^  |  =  6,  14,  22,  •  •  •  .  For  the  standing  po- 
tential wave  (Fig.  10)  each  of  these  values  of  |  ^  |  does  specify  the  velocity 
of  possible  electron  motion  in  either  direction  for  favorable  interaction  with 
the  field.  For  the  traveling  potential  wave  (Fig.  11),  on  the  other  hand, 
only  the  positive  values  oi  k  (p  ^  0)  correspond  to  electron  motion  in  the 
same  direction  as  the  traveling  wave,  the  negative  values  oi  k  (p  <  0)  cor- 
responding to  electron  motion  in  the  direction  opposite  to  the  traveling 
wave.  The  sign  of  k  has  significance.  If  the  electrons  are  moving  with 
v^elocities  specified  by  equation  (11)  with  the  negative  values  of  k  from  equa- 
tion (10),  and  are  thus  moving  counter  to  the  traveling  RF  field  wave,  the 
electrons  are  said  to  be  driving  a  "reverse"  mode. 

The  actual  electron  orbits  do  not  correspond  to  simple  translation  but, 
as  has  been  discussed,  to  rotation  superposed  on  translation.  The  epi- 
cycloid-like scallops  in  the  orbit  are  of  no  significance  to  the  fundamental 
electronic  mechanism.  It  is  the  mean  velocity  of  the  electron  motion 
around  the  interaction  space,  specified  by  the  relative  values  of  V  and  B, 
that  is  of  importance.     The  magnetron  may  operate,  for  example,  at  such 
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high  magnetic  field,  provided  V  has  the  proper  value,  that  the  scallops  be- 
came relatively  small  variations  in  an  otherwise  smooth  orbit  (see  Fig.  18). 

In  the  cylindrical  magnetron,  the  radial  variation  of  the  DC  electric  field, 
resulting  in  a  decrease  in  the  mean  angular  velocity  of  the  electrons  as  they 
approach  the  anode,  would  make  it  impossible  for  an  electron  to  keep  step 
with  the  fields  across  the  anode  gaps  were  not  a  mechanism  of  phase  focusing 
operative.  That  such  focusing  is  inherent  in  the  interaction  of  electrons  and 
fields  will  be  seen  later. 

3.2  The  Interaction  Field:  The  electronic  mechanism  which  has  been 
discussed  in  terms  of  electron  motions  through  the  fields  at  the  gaps  in  the 
multisegment  anode,  may  also  be  discussed  in  terms  of  the  traveling  waves 
of  which  the  RF  interaction  field  may  be  considered  to  be  composed.  The 
RF  interaction  field  corresponds  to  anode  potential  waves  like  those  plotted 
in  Figs.  9,  10,  and  11.  The  interaction  fields  for  the  several  modes  of  oscil- 
lation of  the  resonator  system  are  thus  to  be  distinguished  by  the  number, 
n,  of  repeats  of  the  field  pattern  around  the  interaction  space.  Since  the 
potential  at  the  anode  radius  is  nearly  constant  across  the  faces  of  the  anode 
segments  and  varies  primarily  across  the  slots,  the  azimuthal  variation  of 
the  field  cannot  be  purely  sinusoidal  but  must  involve  higher  order 
harmonics. 

For  a  mode  of  angular  frequency  co  =  lirf,  corresponding  to  a  phase  diflfer- 

Ztt 
ence  between  adjacent  resonators  of  n  — ,  the  anode  potential  wave  is  of 

periodicity  n  around  the  anode  and  may  be  written  as  a  Fourier  series  of 
component  waves  traveling  in  opposite  directions  around  the  interaction 
space: 

k  =  n  +  pN,         p  =  Q,  ±  1,  ±2,  ■■■  . 

Note  that  the  summations  are  taken  over  all  integral  values  of  k  given  by 
equation  (10). 

The  interaction  field  for  any  mode  of  periodicity  n  is  thus  represented  by 
two  oppositely   traveling  waves,   whose  fundamentals  are  moving  with 

p  f 
angular  velocities  -  =  — ~,  and  whose  component  amplitudes,  Ak  and  Bk, 
n         n 

in  general  are  not  equal.  7  and  5  are  arbitrary  phase  constants.  The  ex- 
pression (12)  may  be  reduced  to  the  form: 

Vhf  =  T.i^k-  Bk)  cos  (co/  -kd  -\-y) 


+  E  25.cos(c./  4-  l±j)cos(>fee  -  -"-^y 
k  =  n  -\-  pN,         p  =  0,  ±  1,  ±  2, 


(13) 
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which  shows  that  the  complete  lield  jmttern  may  be  considered  to  consist  of 
a  rotating  wave  superposed  on  a  standing  wave,  each  having  a  fundamental 
component  of  periodicity  n. 

The  fact  that  the  periodicities,  k,  of  the  harmonics  in  the  expressions 
(12)  or  (13)  are  those  for  which  k  has  the  values  given  by  (10)  may  be  de- 
termined from  a  Fourier  analysis  of  the  complete  anode  potential  waves  like 
those  of  Figs.  9,  10,  and  11.  Only  those  harmonics  which  specify  the  same 
pattern  of  potentials  at  the  centers  of  the  anode  segments  as  the  fundamental 
are  admitted  in  the  analysis. 

As  has  been  mentioned  before,  the  complete  field  patterns  for  »  =   0 

N  .  .       . 

and  «  =  ^  are  standing  waves.    Thus  for  these  modes  of  oscillation  Ak  =  Bk 

in  the  expressions  (12)  and  (13).     For  the  other  modes,  n  —  1,  2,  3,  •  •  •, 

N 

—  —  1,  the  electrons  may  interact  with  the  traveling  field  component  of 

expression  (13)  or  with  the  standing  field  components  which,  in  case  Ak  = 
Bk,  is  the  only  component  present  (see  Figs.  10  and  11  for  the  case  n  =  2, 
.¥  =  8). 

The  terms  in  expressions  (12)  and  (13)  for  which  \  k\  =  n  are  the  funda- 
mental components;  those  for  which  |  ^  |  9^  7i  are  called  the  Hartree  har- 
monics. The  components  of  field  strength  corresponding  to  these  harmonics 
in  the  interaction  field  pattern  fall  ofif  in  intensity  from  anode  to  cathode 
more  rapidly  the  higher  the  value  of  k.     The  variation  with  radius  is  of  the 


(--) 


form  I  ~  I  .     Thus  the  farther  from  the  anode  one  samples  the  field,  the 

more  like  the  fundamental  sinusoidal  pattern  it  appears. 

For  each  value  of  k  in  expression  (12),  whether  or  not  Ak  =  Bk,  there 
are  two  oppositely  traveling  sinusoidal  wave  components  of  periodicity  k. 
Since  each  requires  k  cycles  of  the  RF  oscillation  to  complete  one  trip  around 

the  interaction  space,  the  linear  velocity  at  the  anode  surface  is  —4—"  cor- 

k 

2irf 
responding  to  an  angular  velocity  of  -^  .     Thus,  as  seen  in  Fig.  11  for  the 

k 

instant  t  +  r/8,  the  change  of  shape  of  the  total  traveling  wave  indicates 

that  the  components  of  which  it  is  composed  travel  with  different  velocities. 

In  Fig.  23  are  shown  instantaneous  RF  interaction  field  patterns  for  the 

fundamental  components  {p  =  0)  of  the  n  =  1,  2, 3,  and  4  modes  of  an  anode 

block  having  eight  resonators. 

Z.i     The  Traveling  Wave  Picture:  It  is  instructive  to  discuss  the  operation 

of  the  Type  III  magnetron  oscillator  in  terms  of  electron  interaction  with 

the  traveling  wave  components  present  in  the  interaction  field.     This  might 

at  first  appear  to  be  difficult  in  view  of  the  many  components  of  several 

possible  modes.     By  mode  frequency  separation,  as  discussed  later,  it  is 
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generally  possible,  however,  to  restrict  oscillation  to  only  one  mode,  usually 
the  T  mode.  Further,  the  fact  that  the  electronic  motion  in  crossed  DC 
electric  and  magnetic  fields  results  in  a  meaji  drift  of  electrons  around  the 
interaction  space,  enables  one  to  restrict  his  attention  to  a  single  traveling 
wave  corresponding  to  the  fundamental  or  a  single  Hartree  harmonic  of  the 
field  of  this  mode;  for  it  is  possible,  in  principle  at  least,  by  proper  adjust- 
ment of  V  and  B  to  equate  the  mean  angular  velocity  of  the  electrons  to 

the  angular  velocity,  ^,  of  any  one  of  the  traveling  field  components. 

When  this  is  true,  only  the  field  of  this  component  has  an  appreciable  effect 
upon  the  electron's  motion.  With  respect  to  the  fields  of  the  oppositely 
traveling  component  of  the  same  harmonic  (same  k),  and  the  components 
of  all  other  harmonics  (different  k),  the  electron  finds  itself  drifting  rapidly 
through  regions  of  accelerating  and  decelerating  field  with  no  net  energy 
transfer.  From  the  point  of  view  of  the  electron,  the  fields  of  the  other 
components  vary  so  rapidly  as  to  average  out  over  any  appreciable  interval 
of  time.  The  only  exception  to  these  statements  occurs  when  a  harmonic 
of  periodicity  k'  of  another  mode  of  frequency/'  has  the  same  angular  veloc- 

ity  as  the  harmonic  of  periodicity  k,  that  is,  when  —y-  =  -v— ^      The  effect 

'      '        '    ' 
on  magnetron  operation  of  this  coincidence  of  angular  velocities  will  be 

discussed  further  in  a  later  section.  In  the  calculation  of  electron  motions, 
the  restriction  to  the  field  of  a  single  traveling  wave  component  has  been 
called  the  rotating  field  approximation. 

The  consideration  of  the  electronic  mechanism  has  thus  been  reduced  to 
that  of  the  motion  of  electrons  under  the  combined  influence  of  the  radial  DC 
electric  field,  the  axial  DC  magnetic  field,  and  a  sinusoidal  field  wave  travel- 
ing around  the  interaction  space.  From  what  has  been  said  thus  far  it  is 
clear  that  for  energy  to  be  transferred  to  the  RF  field  it  is  necessary  that  the 
mean  electron  velocity  very  nearly  equal  that  of  the  traveling  wave.  Then 
an  electron  leaving  the  cathode  in  such  phase  as  to  find  itself  moving  in  a 
region  of  decelerating  tangential  component  of  the  RF  field,  may  continue 
to  move  with  this  region  and  lose  energy  to  the  field.  In  contrast  to  the 
Type  II  magnetron  oscillator,  the  energy  transferred  to  the  RF  field  in  this 
case  is  the  potential  energy  of  the  electron  in  the  radial  DC  electric  field. 
The  energy  in  the  rotational  component  of  the  motion  remains  practically 
unaffected  and  the  electron  orbit  from  cathode  to  anode  looks  something 
like  that  plotted  in  Fig.  12  for  the  case  with  plane  electrodes.  On  the  other 
hand,  an  electron  which  leaves  the  cathode  in  such  phase  as  to  gain  energy 
in  a  region  of  accelerating  tangential  RF  field,  is  removed  at  the  cathode  after 
only  one  cycle  of  the  epicycloid-like  motion.  If  this  did  not  occur,  the  elec- 
tron would  continue  to  move  with  the  field  and  absorb  energy.     An  approxi- 
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mate  orbit  is  shown  in  Fig.  13.  It  is  instructive  to  compare  the  orbits  of  the 
two  categories  of  electrons  in  the  traveling  wave  magnetron  oscillator  with 
the  orbits  of  corresponding  electrons  in  the  cyclotron  frequency  type  of 
magnetron  oscillator  (Figs.  7  and  8).  In  each  case,  it  is  the  fact  that  "favor- 
able" electrons  may  interact  for  a  considerably  longer  time  than  "unfa- 


Fig.  12. — An  approximate  orbit  of  an  electron  which  is  losing  energy  to  the  RF  field  in 
a  traveling  wave  or  Type  III  magnetron  oscillator,  shown  for  the  plane  case.  Here  the 
energy  loss  is  potential  energy  of  the  electron  in  the  DC  field.  Compare  this  with  the 
orbit  in  Fig.  8  where  the  energy  loss  is  rotational  energy  of  the  electron.  The  DC  electric 
force  on  the  electron  is  directed  from  cathode  to  anode. 


Fig.  13. — An  approximate  orbit  of  an  electron  which  gains  energy  from  the  RF  field  in 
a  traveling  wave  or  Type  III  magnetron  oscillator,  shown  for  the  plane  case.  The  orbit 
is  extended  as  a  dashed  line  as  though  the  cathode  were  not  there.  The  energy  gained  is 
potential  energy  of  the  electron  in  the  DC  field.  Compare  this  with  the  orbit  in  Fig.  7 
where  the  energy  increase  is  in  the  rotational  energy  of  the  electron.  The  DC  electric 
force  on  the  electron  is  directed  from  cathode  to  anode. 

vorable"  electrons  which  makes  possible  a  net  energy  transfer  between  the 
DC  and  RF  fields. 

One  may  now  compare  the  traveling  wave  picture  of  the  electronic  mecha- 
nism with  that  presented  earlier  in  which  the  motion  of  electrons  past  the 
gaps  in  the  anode  structure  is  considered.     An  electron  moving  so  that 

—  ~  I  ^  I  +  1^7  cycles  of  the  RF  oscillation  elapses  between  its  crossing  of 

two  successive  anode  gaps,  is  thus  moving  around  the  interaction  space  in 
synchronism  with  a  traveling  component  of  the  kth  harmonic  of  the  inter- 
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action  field.  Both  points  of  view  are  of  value.  That  involving  the  motion 
of  electrons  past  the  anode  gaps  is  more  fundamental  physically.  That  in 
terms  of  a  traveling  wave  component,  on  the  other  hand,  is  more  convenient 
in  calculations  of  electron  orbits  including  space  charge  effects,  where  by 
transformation  to  a  coordinate  system  rotating  with  the  field  it  is  possible 
to  treat  of  motions  in  static  fields. 

3.4  Phase  Focusing:  It  has  been  seen  from  two  points  of  view  how  groups 
of  electrons  which  move  around  the  interaction  space  of  the  magnetron 
oscillator  are  formed  by  a  process  of  selection  and  rejection  of  electrons  by 
the  tangential  component  of  the  RF  field.  However,  space  charge  de- 
bunching  and  the  discrepancy  at  all  but  one  radius  between  the  mean  veloc- 
ity of  translation  of  the  electrons  and  the  velocity  of  the  interaction  field 
would  tend  to  disperse  these  groups  and  prevent  efficient  interaction,  were 
it  not  for  the  phase  focusing  provided  by  the  radial  component  of  the  RF 
field. 

The  mechanism  of  the  phase  focusing  may  be  discussed  either  in  terms 
of  the  interaction  of  electrons  with  the  actual  fields  existing  at  the  anode  gaps 
or  in  terms  of  the  traveling  wave  picture  of  the  electronic  mechanism.  The 
fundamental  mechanism  involved  depends  upon  the  effect  of  the  radial 
component  of  the  RF  field  in  aiding  or  opposing  the  radial  DC  field  in  de- 
termining the  mean  drift  velocity  of  the  electron  around  the  interaction 
space.  If  the  radial  RF  field  increases  the  net  radial  field  in  which  the 
electron  finds  itself  at  any  instant,  the  mean  velocity  of  the  electron  in- 
creases as  can  be  seen  from  equation  (5)  for  the  plane  case.  Similarly,  a 
decrease  in  the  net  radial  electric  field,  caused  by  the  RF  radial  component, 
results  in  decreased  electron  translation  velocity.  These  changes  in  the 
electron's  velocity  operate  so  as  to  keep  the  electron  near  the  position  in 
which  it  can  interact  most  favorably  with  the  tangential  component  of  the 
RF  field. 

Consider  an  electron  which  crosses  an  anode  gap  at  the  instant  the  RF 
field  there  is  maximum  retarding,  that  is,  an  electron  which  is  to  be  found 
on  the  plane  marked  M  in  Fig.  14  at  this  instant.  It  experiences  about  as 
great  an  increase  of  velocity  by  virtue  of  the  radial  component  aiding  the 
DC  radial  field  before  crossing  the  gap  as  decrease  by  virtue  of  the  radial 
component  opposing  the  DC  radial  field  after  crossing  the  gap.  Another 
electron  which  is  lagging  behind  the  electron  just  considered  is  to  be  found 
opposite  a  positively  charged  anode  segment,  as  at  P  in  Fig.  14,  when  the 
RF  field  passes  through  its  maximum  value.  Since  the  RF  field  component 
decreases  with  time  after  this  instant,  the  effect  of  the  radial  component  of 
the  field  on  the  electron's  velocity  after  crossing  the  gap  will  be  less  than  its 
effect  before  crossing  the  gap,  the  net  effect  being  one  of  increasing  the  mean 
velocity  of  translation,  bringing  the  electron  more  nearly  into  the  proper 
phase.     An  electron  which  leads  the  electron  first  considered,  on  the  other 
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hand,  will  be  found  opposite  the  negatively  charged  anode  segment  beyond 
the  gap  when  the  RF  field  is  maximum,  and  for  it  the  net  effect  of  the  radial 
component  is  to  reduce  the  mean  velocity  of  the  electron,  bringing  it  also 
more  nearly  into  the  proper  phase. 

In  discussing  the  mechanism  of  phase  focusing  from  the  traveling  wave 
point  of  view,  the  field  lines  of  Fig.  14  may  be  considered  to  be  those  of  the 
traveling  wave  component  with  which  the  electrons  are  interacting.  Then 
the  whole  field  pattern  indicated  moves  to  the  right  as  shown  by  the  arrow 
above  the  plane  of  maximum  retarding  tangential  field  at  M.     An  electron 


Fig.  14. — A  plot  of  lines  of  electric  force  on  an  electron  (drawn  for  the  plane  case)  for  the 
fundamental  of  the  x  mode.  It  is  shown  for  the  purpose  of  explaining  the  phase  focusing 
property  of  the  radial  field  component.  The  plane  of  ma.ximum  opposing  force  on  the 
electron  intersects  that  of  the  figure  along  the  line  M .  The  arrow  shown  above  the  line  M 
indicates  the  direction  of  electron  motion.  The  force  on  the  electron  due  to  the  DC 
electric  field  is  directed  from  cathode  to  anode.  The  force  lines  shown  may  be  considered 
to  be  those  of  the  total  fundamental  field  component  at  the  instant  the  field  is  maximum. 
Then  an  electron  at  the  point  P  will  cross  the  center  of  the  anode  gap  after  the  instant  of 
maximum  retarding  force.  Or  the  lines  shown  may  be  considered  to  be  those  of  the  travel- 
ing component  of  the  fundamental  moving  in  the  same  direction  as  the  electrons.  In  this 
case  an  electron  at  the  point  P  is  lagging  behind  the  maximum  of  the  retarding  tangential 
field. 


which  falls  behind  the  position  M  to  the  point  P,  for  example,  finds  itself  in 
a  stronger  net  radial  electric  field  which  increases  its  mean  translational 
velocity  tending  to  bring  it  back  to  the  position  M.  The  reverse  holds  for 
an  electron  which  runs  ahead  of  the  plane  M. 

Z.S  Space  Charge  Configuration:  The  over-all  picture  of  the  electronic 
mechanism  in  the  Type  III  magnetron  oscillator  thus  presents  a  spoke- 
shaped  space  charge  cloud  of  electrons  wheeling  around  the  cathode  in 
synchronism  with  the  anode  potential  wave,  each  spoke  in  a  region  of  maxi- 
mum retarding  field.  This  picture  of  what  is  happening  has  been  very 
handsomely  confirmed  by  actual  orbital  calculations  taking  account  of 
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space  charge.  The  calculations  have  been  carried  out  by  the  so-called  self 
consistent  field  method  using  the  rotating  field  approximation  mentioned 
earlier.  In  this  method,  orbits  of  electrons  are  calculated  in  an  assumed 
field,  and  the  space  charge  due  to  these  electrons  determined.  The  field 
calculated  on  the  basis  of  this  space  charge  distribution  may  then  be  com- 
pared with  that  assumed.  This  cycle  of  calculations  is  repeated,  each 
time  using  the  calculated  field  of  the  previous  cycle  as  that  in  which  the 
electrons  move,  until  a  field  is  obtained  which  is  consistent  with  that  used  in 
calculating  the  electron  orbits.  This  method  will  be  recognized  as  that  used 
in  the  calculation  of  electron  orbits  about  the  nucleus  in  atoms. 

The  result  of  one  such  calculation  is  shown  in  Fig.  15.  The  orbits  of 
four  electrons  which  were  emitted  from  the  cathode  in  different  phases  are 
plotted  in  a  set  of  coordinates  rotating  with  the  RF  field  component.  One 
electron  is  returned  to  the  cathode,  and  the  other  three  reach  the  anode. 
The  boundaries  of  the  space  charge  cloud  are  shown  as  dashed  lines.  The 
spoke-shaped  structure  is  clear,  and  its  position  with  respect  to  the  rotating 
anode  potential  wave  is  as  expected.  The  number  of  spokes  of  the  cloud  is 
equal  to  the  periodicity  of  the  component  of  the  mode  with  which  the  elec- 
trons are  interacting.  In  the  case  of  Fig.  15  there  are  four  spokes,  since 
the  magnetron  is  operating  in  the  fundamental  of  the  n  =  4  mode  {k  = 
4,  ^  =  0). 

3.6  Induction  by  the  Space  Charge  Cloud:  Another  view  of  the  mechanism 
by  which  the  electrons  drive  the  resonator  S3'stem  may  be  obtained  by 
considering  the  effect  of  the  space  charge  spokes  in  inducing  current  flow 
in  the  anode  segments  themselves.  For  example,  the  oscillation  of  the 
resonator  block  in  its  it  mode  corresponds  to  the  periodic  interchange  of 
electric  charge  from  each  anode  segment,  around  a  resonating  cavit}'  to  the 
next  anode  segment.  This  oscillation  is  maintained,  much  in  the  manner  of 
a  pendulum  escapement  drive,  by  the  space  charge  spoke  appearing  in  front 
of  an  anode  segment  at  that  instant  in  the  oscillation  cycle  when  it  can  aid 
in  building  up  the  net  positive  charge  on  the  segment.  At  the  same  instant, 
the  adjacent  segments,  being  opposite  a  "gap"  in  the  space  charge  wheel, 
may  build  up  a  negative  charge. 

The  RF  current,  Irf,  induced  in  the  anode  structure,  thus  results  from 
the  motion  of  the  spoke-shaped  space  charge  cloud  in  the  interaction  space. 
It  is  not  to  be  confused  with  the  total  circulating  RF  current  in  the  resonator 
system.  Whereas  Irf  must  be  in  a  phase  with  the  space  charge  cloud  it 
need  not  be  in  phase  with  the  RF  voltage,  Vrf,  between  the  anode  segments. 
In  terms  of  the  electron  motions,  this  means  that  the  spokes  of  the  space 
charge  cloud  may  lead  or  lag  the  maxima  in  the  tangential  field.  In  general, 
the  electronic  admittance  defined  by  the  ratio  of  Irf  to  Vrf  may  thus  in- 
clude a  susceptance  as  well  as  a  conductance.  Tlie  product  of  Vrf  and 
the  in-phase  component  of  Irf,  integrated  over  a  period  of  one  cycle  of_RF 
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oscillation,  equals  the  energy  {)er  cycle  which  is  delivered  to  the  load.  This 
amount  of  energy  is  twice  that  transferred  in  the  half  cycle  during  which  the 
spokes  of  space  charge  move  against  the  field  from  positions  in  front  of  one 


ROTATING   ANODE 
POTENTIAL    WAVE 


Fig.  15. — The  orbits  of  four  electrons  which  left  the  cathode  in  different  phases,  plotted 
n  a  coordinate  system  rotating  with  the  anode  potential  wave.  These  orbits  have  been 
icalculated  by  the  self  consistent  field  method  which  includes  space  charge  effects.  In  this 
frame  of  reference  the  orbits  exhibit  loops  whereas  in  a  stationary  frame  they  would  more 
nearly  exhibit  cusps.  The  dashed  lines  inclose  the  orbits  of  the  electrons  and  hence  de- 
lineate the  boundaries  of  the  space  charge  cloud  which  rotates  around  the  cathode  in  syn- 
chronism with  the  anode  potential  wave.  Planes  of  maximum  retarding  tangential  field 
are  represented  by  the  lines  M  (see  Fig.  14).  This  figure  is  reproduced  by  courtesy  of  the 
British  Committee  on  Valve  Development  (CVD)  and  is  taken  from  the  CVD  Magnetron 
Report  No.  41. 

set  of  alternate  anode  segments  to  similar  positions  in  front  of  the  adjacent 
anode  segments. 

In  each  spoke  of  the  electron  space  charge  cloud,  individual  electrons 
progress  from  cathode  to  anode.  The  DC  current,  /,  passed  by  the  magne- 
tron is  made  up  of  electrons  which  strike  the  anode  from  the  ends  of  the 
space  charge  spokes.     Quite  apart  from  its  dependence  on  other  parameters, 
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this  DC  current  is  directly  proportional  to  anode  length,  h.  If  the  magne- 
tron is  driven  at  greater  DC  current,  the  space  charge  in  the  interaction 
space  increases  but  the  phase  of  its  structure  with  respect  to  the  traveling 
anode  wave  does  not  change  to  a  first  approximation.  Thus  both  the 
in-phase  and  quadrature  components  of  Irf  increase  with  no  change  in 
electronic  admittance.  The  second  order  effects  which  do  arise  from  small 
shifts  in  the  phase  of  the  rotating  space  charge  structure  are  discussed  in 
Section  10.4  Electronic  Effects  on  Frequency. 

4.     Conditions  Relating  Measurable  Parameters 

4.1  Necessary  Conditions  for  Oscillation:  After  having  discussed  the  elec- 
tron motions  in  the  interaction  space  of  the  Type  III  magnetron  oscillator, 
the  viewpoint  will  now  be  changed  to  that  looking  from  the  outside  in,  so  to 
speak,  and  it  will  be  asked  what  conditions  relating  measurable  parameters 
are  imposed  by  the  nature  of  the  electronic  mechanism.  Beyond  the  geo- 
metrical parameters  of  cathode  and  anode  radii,  re  and  ra,  one  can  determine 
the  DC  voltage,  V,  applied  between  cathode  and  anode;  the  magnetic  field 
B,  in  which  the  magnetron  is  placed;  the  DC  current,  /,  drawn  by  the  anode; 
the  frequency  of  oscillation,/;  and,  from  impedance  measurements,  the  RF 
load,  Ys  =  Gs  -\-  jBs ,  presented  to  the  electrons  by  the  resonator,  output, 
and  load. 

Perhaps  the  most  fundamental  condition  for  oscillation  of  the  traveling 

wave  magnetron  is  that  imposed  by  the  requirement  of  synchronism  between 

the  electron  drift  and  the  RF  field.     As  has  been  indicated,  the  angular 

velocity  of  a  rotating  component  of  a  Hartree  harmonic  of  the  interaction 

lirf 
field,  of  order  y^,  is  jyy .     An  approximate  expression  for  the  mean  angular 

'I  .  .  ■         .    . 

velocity  of  the  electrons  may  be  determined  b}'  neglecting  the  variation  of 

electric  field  with  radius  and  calculating  the  angular  velocity  midway  be- 
tween cathode  and  anode,  thus: 

V  E/B  V/(ra  -  rc)B  2V 


(ra  +  ^c)/2        (r„  +  rc)/2  (r„  +  rc)/2  (K  -  ri)B- 

2irf 
Equating  this  to  the  angular  velocity  -Tf| ,  one  obtains  the  relation: 

27r/ 
In  this  derivation  it  should  be  recognized  that  the  angular  velocity  ttt 

may  be  considered  either  to  be  that  of  a  traveling  component  of  the  RF 
field  with  which  the  electron  interacts  or  the  mean  angular  velocity  which  the 
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electron  must  have  to  maintain  proper  phase  with  the  total  RF  fields  existing 
across  the  anode  gaps. 

Posthumus'^  derived  an  expression,  assuming  negligible  cathode  diameter, 
which  is  similar  to  equation  (14).  By  the  same  method  as  that  used  above. 
Slater  has  derived  an  expression  diflfering  from  (14)  by  a  term  which  results 
from  the  use  of  a  more  accurate  value  for  the  electron's  translational  velocity 
at  the  midpoint  between  cathode  and  anode  in  cylindrical  geometry. 
Slater's  expression  is: 


\k\ 


•4'-fey]-^'Kf0['-t:y 


(15) 


Hartree  has  derived  an  expression  from  a  consideration  of  the  conditions 
under  which  electrons  are  just  able  to  reach  the  anode  with  infinitesimal 
amplitude  of  RF  voltage  in  the  ^"'  harmonic.     It  is: 

In  a  sense  this  condition  represents  a  cut-off  relation  for  the  oscillating 
magnetron  analogous  to  Hull's  cut-off  relation  for  the  DC  magnetron  [equa- 
tion (8)]. 

Plotted  on  a  V-B  graph,  the  expressions  (14),  (15),  and  (16)  represent 
parallel  straight  Hues.  The  line  of  equation  (14)  passes  through  the  origin; 
the  so-called  Hartree  Une  of  (16)  is  tangent  to  the  DC  cut-off  parabola;  the 
so-called  Slater  Une  of  (15)  lies  above  the  Hartree  line  but  below  the  line  of 
expression  (14).  Each  of  the  above  expressions  indicates  that  the  electrons 
will  drive  a  given  harmonic  of  the  RF  interaction  field  in  a  type  III  magne- 
tron oscillator  only  at  values  of  DC  voltage  and  magnetic  field  which  bear 
a  definite  relation.  This  relation  expresses  the  fact  that  V/B  is  very  nearly 
constant  [equation  (14)]. 

In  Fig.  16  are  plotted  as  an  illustration,  the  Hartree  hnes  for  the  funda- 
mentals (/>  =  0)  of  the  n  =  1, 2, 3,  and  4  m.odes  and  for  the  ^  =  -5  harmonic 
(p  =  —  1)  of  the  «  =  3  mode  of  a  10  cm.  magnetron  with  eight  resonators.^ ^ 

1^  This  magnetron,  used  as  an  illustrative  example  in  Part  I,  has  the  following  char- 
acteristics: 

Number  of  resonators,  N  =  8. 

Cathode  radius,  ro  =  0.3  cm. 

Anode  radius,  ra  =  0.8  cm. 

Anode  length,  h  =  2.0  cm. 

Anode  to  end  cover  distance  =  0.6  cm. 

Frequency  (tt  mode),  f  =  2800  mc/s. 

Wavelength  (ir  mode),  X  =  10.7  cm. 

DC  operating  voltage,  V  =  16  kv. 

Operating  magnetic  field,  B  =  1600  gauss. 

Typical  operating  peak  current,  I  =  20  amps. 

Over-all  efficiency,  ij  =  42%. 

Peak  power  output,  Pq  =  135  kw. 

Pulse  duration,  t  =  1  microsecond. 

Pulse  repetition  frequency  =  1000  pps. 
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Since  the  operating  voltage  is  found  to  increase  with  increasing  current, 
oscillation  at  a  constant  anode  current  takes  place  along  a  line,  such  as  the 
Slater  line  for  example,  lying  slightly  above  and  parallel  to  the  Hartree 
line  (see  Fig.  16).  The  separation  of  the  operating  line  from  the  Hartree 
line  increases  with  increasing  DC  current. 
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Fig.  16. — A  V-B  plot  for  a  magnetron  having  eight  resonators  (see  footnote  16)  showing 
the  cut-off  parabola  and  Hartree  lines  for  several  rotating  field  components.  The  ranges 
of  DC  voltage  and  magnetic  field  have  been  extended  considerably  beyond  values  ever 
applied  to  such  a  magnetron  to  show  the  lines  for  the  fundamentals  of  all  of  the  modes. 
The  typical  operating  point  plotted  is  that  specified  in  footnote  16  and  plotted  in  Fig.  17. 


The  necessary  conditions  for  oscillation  discussed  above  have  been  of 
great  value  in  the  identification  of  the  modes  of  operating  magnetrons  and 
as  the  starting  point  in  the  design  of  new  magnetrons  for  given  wavelength, 
magnetic  held,  and  voltage. 

4.2     The  Perjormance  Chart:  Another  fundamental  performance   char- 
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acteristic  of  the  operating  magnetron  is  the  V-I  plot  or  performance  chart. 
In  Fig.  17  such  a  chart  is  plotted  for  the  same  magnetron'^  used  as  the  ex- 
ample for  Fig.  16.  In  it  are  plotted  contours  of  constant  magnetic  field, 
RF  power  output,  and  over-all  efficiency.     The  fact  that  the  constant  mag- 


CONSTANT    MAGNETIC  FIELD-GAUSS 

CONSTANT   POWER  OUTPUT- KILOWATTS 

CONSTANT  OVERALL  EFnCIENCY 

I       TYPICAL  OPERATING  POINT 


8  12  16  20  24  28  32 

DC   CURRENT,  I, IN   AMPERES 

Fig.  17. — A  V-I  plot  or  performance  chart  for  a  magnetron  having  eight  resonators 
(see  footnote  16).  Contours  of  constant  magnetic  field,  power  output,  and  over-all  effi- 
ciency are  shown.  The  typical  operating  point  plotted  is  that  specified  in  footnote  16  and 
plotted  in  Fig.  16. 

netic  field  contours  are  nearly  horizontal  and  spaced  as  they  are  is  a  mani- 
festation of  the  oscillation  conditions  of  equations  (15)  and  (16).  The  in- 
crease of  voltage  with  current  is  an  effect,  attributable  to  the  space  charge, 
quite  independent  of  the  condition  of  synchronism  between  field  and  elec- 
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trons.  For  if  the  magnetron  is  to  deliver  more  power  at  a  given  magnetic 
field,  the  induced  RF  current  must  increase.  This  entails  increased  space 
charge  and  a  greater  DC  current  flow.  To  maintain  the  increased  space 
charge  additional  DC  voltage  is  required. 

4.3  The  Electronic  Efficiency:  The  performance  chart  also  shows  the 
not  too  surprising  fact  that  more  power  may  be  drawn  from  the  magnetron 
as  the  voltage  and  current  are  increased.  More  interesting  are  the  increase 
of  the  over-all  efficiency  with  voltage  and  the  maximum  through  which  the 
efficiency  passes  with  increasing  current.  This  variation  of  over-all  effi- 
ciency, 1),  is  to  be  attributed  to  changes  in  the  electronic  efficiency,  r]e,  since 
the  other  factor  involved  in  the  over-all  efficiency,  the  circuit  efficiency,  t7c, 
is  essentially  constant  over  the  diagram  (77  =  TjeTjc). 
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Fig.  18. — Approximate  orbits  of  electrons  which  transfer  energy  to  the  RF  field,  plotted 
for  operation  of  a  plane  magnetron  at  two  different  magnetic  fields.  It  is  shown  how  the 
relative  kinetic  energy  gained  beyond  the  last  cusp  and  dissipated  at  the  anode  de- 
creases as  the  magnetic  field  and  voltage  of  operation  are  increased,  resulting  in  increased 
efficiency  of  electronic  conversion  of  energy  from  the  DC  field  to  the  RF  field.  The 
two  illustrative  cases  differ  by  a  factor  two  in  DC  voltage  and  hence  by  the  same  factor 
in  magnetic  field  and  diameter  of  the  rolhng  circle. 

The  increase  of  electronic  efficiency  with  voltage,  and  hence  magnetic 
field,  may  be  explained  by  the  picture  of  electron  motions  in  the  interaction 
space.  The  highest  electronic  efficiency  is  attained  when  the  electrons 
reaching  the  anode  do  so  with  least  kinetic  energy.  For  the  approximate 
orbit  of  Fig.  12,  the  energy  lost  at  the  anode  per  electron  is  that  gained  as 
kinetic  energy  beyond  the  last  cusp.  Bringing  the  last  cusp  closer  to  the 
anode,  corresponding  to  a  reduction  of  the  ampUtude  of  the  rotational 
component  of  the  electron  motion,  reduces  the  ratio  of  kmetic  energy  lost 
at  the  anode  to  the  potential  energy  possessed  by  the  electron  at  the  cathode. 
Thus,  according  to  equation  (6)  for  the  radius  of  the  rolling  circle,  this 
fractional  energy  loss  should  vary  as  V/B^  or,  since  V/B  is  approximately 
constant,  as  \/B,  rjg  increasing  with  B.  In  terms  of  the  approximate  elec- 
tron orbits  for  a  plane  magnetron,  Fig.  18  shows  how  increase  in  voltage 
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and  magnetic  field  increases  the  electronic  efficiency.  The  dependence  of 
electronic  efiiciency  on  B  predicted  by  this  simple  picture  is  in  accord  with 
the  dependence  predicted  by  more  sophisticated  theories. 

In  all  i)r()bability  the  decrease  of  electronic  efficiency  toward  low  and  high 
currents  is,  in  part  at  least,  the  result  of  decrease  in  the  phase  focusing  action. 
This  occurs  as  a  result,  on  the  one  hand,  of  low  RF  field  strength  in  the 
proper  mode  when  the  current  and  RF  oscillation  are  small,  and,  on  the 
other  hand,  as  a  result  of  space  charge  debunching  when  the  current  and 
space  charge  become  very  large.  In  addition,  at  low  currents  the  leakage  to 
the  anode  of  electrons  which  are  not  effective  in  interaction  with  the  RF 
field,  assumes  a  more  dominant  role,  reducing  the  effective  electronic  effi- 
ciency. These  electrons  are  no  doubt  those  emitted  near  or  at  the  ends  of 
the  cathode. 

Of  importance  to  the  motion  of  electrons  near  the  ends  of  the  interaction 
space,  and  thus  to  the  electron  leakage,  are  the  configurations  of  the  DC 
electric  and  magnetic  fields  there.  These  depend  upon  the  geometry  of  the 
cathode  ends  and  surrounding  walls  and  of  the  magnetic  pole  pieces.  The 
electrons  are  largely  confined  to  the  interaction  space  by  the  axial  force, 
directed  toward  the  center  of  the  interaction  space,  produced  by  the  non- 
uniformities  in  the  electric  and/or  the  magnetic  fields.  For  uniform  mag- 
netic field,  the  desired  focusing  action  on  the  electrons  may  be  achieved  by 
disks  at  cathode  potential  which  are  mounted  at  each  of  the  cathode  and 
extend  beyond  the  cathode  surface  over  the  ends  of  the  interaction  space  as 
may  be  seen  in  Fig.  1.  In  other  cases,  distortion  of  the  magnetic  field  in 
the  end  spaces  of  the  magnetron,  in  addition  to  cathode  end  disks,  has  been 
used  to  produce  the  same  efifect. 

Although  the  dependence  of  operation  of  a  magnetron  oscillator  on  load  is 
primarily  a  circuit  problem,  detailed  discussion  of  which  will  be  delayed  until 
the  RF  circuit  has  been  discussed,  there  is  one  feature  of  the  dependence  on 
load  and  circuit  characteristics  which  may  properly  be  discussed  now.  This 
is  the  dependence  of  the  electronic  efficiency,  r]e,  on  the  circuit  conductance, 
G„  presented  to  the  electrons.  The  plot  in  Fig.  19  is  a  typical  example  and 
shows  an  optimum  value  of  conductance,  to  each  side  of  which  nje  decreases. 
With  decreasing  Gs  the  RF  voltage  increases.  Whereas  initially  the  increase 
of  Vrf  with  decreasing  G,  increases  the  phase  focusing  properties,  it  results 
eventually  in  such  strong  RF  field  that  electrons  are  drawn  more  or  less 
directly  to  the  anode  where  they  arrive  with  considerable  kinetic  energy. 
On  the  other  hand,  the  decrease  in  Vrf  with  increasing  G,  eventually  will 
result  in  an  RF  field  too  weak  to  produce  the  necessary  amount  of  phase 
focusing.  The  value  of  G,  presented  to  the  electrons  depends  not  only 
upon  the  output  circuit  properties  and  load  but  also  upon  the  parameters  of 
the  resonator  itself.     The  dependence  of  electronic  efficiency  upon  G,  is  a 
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good  example  of  how  intimately  the  electronics  and  circuit  of  the  magnetron 
oscillator  are  associated. 

4.4  Scaling:  Once  an  efficient  design  has  been  achieved  for  a  given  wave- 
length, voltage,  current,  and  magnetic  field,  one  is  interested  in  reproducing 
it  at  other  values  of  these  parameters.  In  doing  this,  use  is  made  of  the 
theory  of  scaling.  For  cases  where  the  interaction  space  remains  geo- 
metrically similar  and  the  magnetron  operates  in  the  same  mode,  the  same 
efficiency  is  presumably  achieved  when  it  is  arranged  that  the  electron 
orbits  remain  similar.  Directly  from  dimensional  arguments  apphed  to 
Maxwell's  equations  for  the  electromagnetic  field  and  to  the  equations  of 
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Fig.  19.^ — A  plot  of  electronic  efficiency  as  a  function  of  load  conductance.  The  con- 
ductance G/Vo  in  the  output  line  is  related  to  that  presented  by  the  circuit  to  the  electrons, 
G„  directly  through  the  magnetron  resonator  and  output  circuits.  The  magnetron  with 
which  these  data  were  obtained  is  a  3.2  cm.  magnetron  having  sixteen  resonators. 

motion  of  the  electrons,  it  can  be  shown  that  the  orbits  and  operation  will 
be  equivalent  for  all  conditions  for  which  the  loacUng  and  the  quantities 

\B,     i\/ra)-V,     and     (\'/ra-h)I 


remain  invariant. 

It  would  perhaps  be  of  interest  to  consider,  as  a  simple  example,  the  case 
for  which  all  the  linear  dimensions  of  a  given  magnetron  are  changed  by  a 
factor  a.  The  new  resonant  wavelength,  X',  is  equal  to  a\  since  the  new 
resonator  is  a  times  the  size  of  the  original,  while  the  new  frequency  is  /'  = 
f/a.  The  new  anode  radius,  cathode  radius,  and  anode  length  scale  directly 
so  that 

r'a  =  (xra,r'c  =  arc  and  //  =  ah 
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Since  \B,  (\/raYV,  and  (\^/ra~h)I  must  remain  invariant, 

\'B'  =  XB  or  B'  =  B/a, 

(\'/r',y-  V  =  {X/raY  VovV  =  V, 

and  (X'V'-'a'  h')  I'  =  (X'/ra-  h)  7  or  /'  =  7. 

Thus  the  magnetic  field  changes  by  1/a  and  the  operating  voltage  and 
current  remain  unchanged. 

The  idea  of  scaling  has  been  extended  to  magnetrons  of  varying  rdra 
and  N  by  the  introduction  of  sets  of  reduced  variables  for  F,  B  and  7  in- 
volving rc/ra  and  N,  in  terms  of  which  the  performance  may  be  expressed 
independently  of  the  exact  nature  of  the  magnetron, 

4.5  Effect  oj  Other  Components  in  the  Interaction  Field:  In  the  discussion 
of  the  traveling  wave  magnetron  oscillator,  it  has  been  considered  that  the 
electrons  interact  with  a  single  traveling  RF  field  component,  generally  a 
component  of  the  fundamental  of  the  tt  mode.  The  justification  for  this, 
as  has  been  stated,  is  that  from  the  point  of  view  of  the  electron  the  fields 
of  all  other  Hartree  harmonics  of  the  -k  mode  vary  so  rapidly  that  their 
effects  average  out  over  an  appreciable  number  of  RF  cycles.  This  is  gen- 
erally true,  as  well,  for  the  harmonics  of  other  modes  which  may  be  excited. 
The  fact  has  been  mentioned  that  it  is  possible  for  the  values  of  V  and  B 
for  oscillation  in  the  tt  mode  very  nearly  to  satisfy  equation  (16)  for  oscilla- 

2Trf' 
tions  in  a  harmonic  of  another  mode.     Then  the  angular  velocity,  .-77- ,  of 

\k  I 

lirf 
the  harmonic  very  nearly  equals  that  of  the  tt  mode,  -irry- ,  and  the  Hartree 

line  of  the  harmonic  lies  very  close  to  that  of  the  it  mode  (see  Fig.  16).  The 
effect  of  this  situation  on  magnetron  operation  will  be  discussed  in  connection 
with  the  problem  of  "moding"  in  Section  10.6  Oscillation  Buildup — Starting. 
Of  particular  interest  is  the  presence  in  the  interaction  space,  in  addition 
to  the  TT  mode  field,  of  an  RF  field  component  which  is  independent  of  angle . 
Such  a  component  appears,  for  example,  as  an  inherent  contamination  in 
the  interaction  field  of  the  so-called  "rising  sun"  type  resonator  system  to  be 
described  later.  Generally,  this  component  is  of  no  concern  because  the 
electrons  interact  with  the  x  mode  component  throughout  a  time  interval 
covering  several  cycles,  during  which  the  effect  of  the  contamination  aver- 
ages out.  The  exception  to  this  occurs  when  the  frequency  of  the  rotational 
component  of  the  electron  motion,  approximately  the  cyclotron  frequency, 
resonates  with  the  RF  frequency  as  in  a  Type  II  magnetron.  From  equa- 
tion (2)  this  occurs  for  the  plane  case  when/  =  c/X  =  eB/lvm,  from  which 
XJB  =  l-Kcm/e  =  10,700  gauss-cm.  For  a  typical  cylindrical  case  the  con- 
stant is  somewhat  greater,  being  about  12,500  gauss-cm.     When  XB  has  this 
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value,  perturbation  of  the  electron  motion  occurs,  decreasing  the  efficiency 
of  interaction  with  the  traveling  wave  and  manifesting  itself  on  the  perform- 
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Fig.  20. — A  performance  chart  for  a  magnetron  which  has  present  in  its  interaction  field 
a  contaminating  component  independent  of  azimuth.  Note  the  efficiency  "valley"  ap- 
pearing along  the  line  B  =  3920  gauss  (compare  with  Fig.  17).  The  wavelength  of  the 
magnetron  being  3.18  cm.,  \B  along  the  efficiency  "valley"  is  12,500  gauss-cm.  The  data 
were  obtained  on  a  magnetron  having  a  "rising  sun"  type  resonator  sj'stem  and  are  repro- 
duced here  through  the  courtesy  of  the  Columbia  Radiation  Laboratory. 

ance  chart  as  a  "valley"  in  operating  efficiency  appearing  along  the  constant 
B  line  for  which  \B  =  12,500  gauss-cm.  In  Fig.  20  is  plotted  the  perform- 
ance chart  of  a  magnetron,  having  a  "rising  sun"  type  anode  structure  which 
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exhibits  this  kind  of  behavior.  In  general,  it  would  be  preferable  to  operate 
this  magnetron  at  magnetic  fields  above  the  "valley,"  but  considerations 
having  to  do  with  available  magnetic  fields,  in  some  cases  may  make  it 
necessary  to  operate  near  the  efficiency  maximum  at  lower  magnetic  fields. 

5.  The  RF  Circuit  of  the  Magnetron  Oscillator 

5.1  General  Considerations:  The  discussion  to  this  point  has  presented  a 
picture  of  how  the  multicavity  magnetron  oscillator  works  from  the  point 
of  view  of  its  electronics;  how  in  this  respect  it  is  related  to  other  types  of 
magnetron  oscillators;  and  how,  on  the  basis  of  the  picture  of  the  electronic 
mechanism,  some  of  its  fundamental  operating  characteristics  are  to  be  ac- 
counted for.  In  the  same  manner  the  RF  circuit  of  the  magnetron  oscilla- 
tor, comprising  the  resonator  system,  the  output  circuit,  and  the  load,  will 
be  discussed.  The  importance  of  this  part  of  the  magnetron  is  apparent. 
It  provides  the  RF  fields  with  which  the  electrons  interact.  To  do  this, 
electromagnetic  energy  must  be  stored  in  the  cavities  of  the  resonator,  which 
reservoir  in  turn  is  tapped  to  deliver  energy  through  the  output  circuit  to 
the  useful  load.  The  detailed  manner  in  which  these  functions  are  per- 
formed has  a  bearing,  not  only  on  such  circuit  characteristics  as  circuit 
efl&ciency  or  on  the  effect  of  load  on  frequency,  but,  as  has  been  seen,  on  the 
electronic  efficiency  as  well.  Furthermore,  the  circuit  analysis  of  the  mag- 
netron oscillator  enables  one  to  explain  the  remaining  important  operating 
characteristic,  the  so-called  Rieke  diagram,  which  describes  the  operational 
dependence  on  load. 

The  type  of  resonator  system  used  in  the  magnetron  oscillator  of  concern 
here  has  already  been  indicated  in  Fig.  1.  It  is  a  resonator  system  com- 
prising a  number  of  cavities  spaced  equally  about  the  cylindrical  anode. 
This  general  shape  is  dictated  by  the  slotted  anode  cylinder  upon  which  the 
RF  interaction  field  is  set  up.  To  be  sure,  other  types  of  resonators  have 
been  devised  which  contrive  to  place  tt  mode  potentials  on  the  anode  seg- 
ments of  a  cylindrical  magnetron.  Here,  however,  except  for  brief  refer- 
ences, the  discussion  will  concern  itself  with  the  multicavity  resonator  sys- 
tem of  the  general  type  shown  in  Fig.  1.  Although  the  individual  cavities 
have  not  been  limited  to  hole  and  slot  geometry  like  those  shown  in  Fig.  1, 
and  other  features  have  been  added,  a  resonator  system  consisting  of  a  sys- 
tem of  cavities,  arranged  around  the  anode  in  the  manner  of  Fig.  1,  has  been 
used  in  the  majority  of  magnetron  oscillators  developed  for  centimeter 
wave  generation  since  1940. 

5.2  Simple  Single  Frequency  Resonator:  The  fact  that  the  magnetron 
resonator  system  has  a  number  of  cavities  electromagnetically  coupled  to- 
gether makes  it  multiresonant.  What  has  been  learned  about  the  various 
modes  and  their  electromagnetic  field  configurations,  and  how  they  may  in 
a  sense  be  controlled  to  improve  magnetron  operation  must  be  discussed  in 
some  detail.  Before  this  is  done,  however,  it  would  be  well  to  refresh  one's 
memory  as  to  the  fundamental  ideas  concerned  with  a  single  electromagnetic 
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resonator  like  one  of  the  magnetron  cavities. ^^  This  is  important  not  only 
because  the  magnetron  resonator  system  comprises  a  number  of  such  cavities 
but  also  because  the  resonator  system  as  a  whole  may  under  certain  circum- 
stances be  considered  to  resonate  at  but  one  frequency,  in  which  case  it 
behaves  like  a  simple  single  frequency  resonator. 

Concerned  with  the  simple  electromagnetic  resonator  are  the  funda- 
mental ideas  of  a  natural  frequency  of  resonance,  of  the  rate  of  energy  loss  or 
the  sharpness  of  resonance,  and  of  the  characteristic  admittance  or  the 
energy  storage  capacity.  The  electromagnetic  resonator,  whether  it  has 
lumped  or  distributed  constants,  consists  of  a  device  in  which  energy  is  trans- 
ferred between  electric  and  magnetic  fields  cyclically  in  a  manner  entirely 
analogous  to  the  transfer  of  energy  between  potential  and  kinetic  in  the 
simple  swinging  pendulum.  Each  of  these  oscillations,  electromagnetic  or 
mechanical,  is  described  by  a  second  order  differential  equation  in  terms  of 
a  parameter  such  as  voltage  or  current  on  the  one  hand,  and  angular  dis- 
placement of  the  pendelum  bob  on  the  other.  The  solutions  represent 
simple  harmonic  oscillations,  the  one  for  the  simple  electrical  circuit  having 
the  frequency, 
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This  occurs  when  the  susceptances  of  the  two  components  of  the  circuit,  L 
and  C,  are  equal,  or  when 

— 7  =  cooC.  (18) 

The  fact  that  a  finite  time  is  required  to  transfer  the  energy  between  the 
electric  and  magnetic  fields  is  a  lumped  constant  circuit  is  not  surprising 
since  a  finite  time  is  required  for  a  condenser  to  charge  or  discharge,  and  for 
a  current  to  build  up  or  decay  in  an  inductance. 

5.3  The  Q  Parameters:  The  type  of  oscillation  of  the  simple  L-C  circuit 
discussed  above  is  its  natural  or  free  oscillation,  not  constrained  by  the  ap- 

'■'  In  the  next  sections  of  this  paper,  material  has  been  drawn  from  the  theorj-  of  a  single 
resonant  circuit  having  either  lumped  or  distributed  constants,  the  theory  of  coupled 
circuits,  and  the  theory  of  centimeter  wave  transmission  in  coaxial  lines  and  wave  guides, 
treatments  of  which  are  to  be  found  in  the  following  representative  texts: 

L.  Page  and  N.  I.  Adams,  Principles  of  Electricity,  D.  Van  Nostrand  Co.,  New  York 

(1931). 
E.  A.  Guilleman,  Commimication  Networks,  Vols.  I  and  II,  John  Wiley  and  Sons,  New 

York  (1931). 
J.  G.  Brainerd,  G.  Koehler,  H.  J.  Reich,  and  L.  F.  Woodruff,  Ultra-High  Frequency 

Techniques,  D.  Van  Nostrand  Co.,  New  York  (1942). 
J.  C.  Slater,  Microwave  Transmission,  McGraw-Hill  Book  Co.,  New  York  (1942). 
R.  I.  Sarbacher  and  W.  A.  Edson,  Hyper  and  Ultrahigh  Frequency  Engineering,  John 

Wiley  and  Sons,  New  York  (1943). 
S.  A.  Schelkunofif,  Electromagnetic  Waves,  D.  Van  Nostrand  Co.,  New  York  (1943). 
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plication  of  any  external  driving  force.  It  is  the  sort  of  oscillation  the  circuit 
would  undergo  were  it  left  to  itself  after  being  excited  or  started  initially. 
Such  an  oscillation,  once  started,  does  not  continue  indefinitely  because  the 
energy  put  into  the  circuit  initially,  dissipates  itself  in  resistive  losses  in  the 
circuit  components  and  in  a  load  which  may  be  coupled  electromagnetically 
to  the  circuit.  The  exponential  rate  at  which  the  original  energy  is  dis- 
sipated is  a  very  important  characteristic  of  the  circuit.  It  is  usually 
specified  by  a  parameter  Q,  defined  as  lir  times  the  ratio  of  the  energy  stored 
in  the  circuit  to  the  energy  dissipated  per  cycle  of  the  oscillation.^*  Thus  a 
circuit  always  loses  a  certain  fraction  of  its  energy  per  cycle  independent 
of  how  great  this  energy  may  be.  In  the  exponential  decay  of  oscillations 
in  a  resonator  from  which  the  drive  has  been  removed,  Q/Itt  is  the  num- 
ber of  cycles  of  oscillation,  required  for  the  stored  energy  to  decay  to  1/e  of 
its  initial  value.  Similarly,  in  the  buildup  of  oscillations  in  a  resonator 
to  which  is  fed  a  constant  amount  of  energy  per  cycle,  Q/2t  is  the  number 
of  cycles  required  for  the  stored  energy  to  buildup  to  (1  —  1/e)  of  its  final 
equilibrium  value. 

It  is  possible  to  define  several  types  of  Qs  for  a  circuit,  depending  upon 
the  nature  of  the  energy  dissipation  being  considered.  If  one  considers 
only  the  energy  lost  in  the  resistance  of  the  circuit  components  themselves, 
one  defines  the  so-called  unloaded  Q,  Qo.  If  the  circuit  is  coupled  electro- 
magnetically to  a  resistive  load,  the  Q  defined  in  terms  of  the  energy  dis- 
sipated in  the  load  and  internal  resistance  is  called  the  loaded  Q,  Ql. 
Finally,  for  some  purposes  it  is  convenient  to  consider  the  ratio  of  energy 
stored  to  that  dissipated  in  the  external  load  only.  This  defines  the  ex- 
ternal Q,  Qext.  It  is  clear  that  both  Ql  and  Qexi  are  functions  of  the  degree 
of  coupUng  between  the  oscillating  circuit  and  the  resistive  load. 

The  Q  parameters,  however,  tell  one  more  than  the  rate  at  which  energy 
is  dissipated  in  a  circuit  oscillating  at  its  natural  frequency.  The  admittance 
of  the  circuit,  measured  as  a  function  of  the  frequency  of  an  external  driving 
source,  passes  through  a  minimum  at  the  natural  frequency  of  oscillation  of 
the  circuit.  The  shar|3ness  of  the  dip  in  the  admittance  curve  is  determined 
by  the  Ql  of  the  circuit  in  such  a  manner  that  the  sharper  the  dip,  the  higher 
the  Ql.  In  passing  through  resonance  the  susceptance  of  the  circuit  changes 
sign  from  inductive  for  frequencies  below  the  frequency  of  resonance,  to 
capacitive,  for  frequencies  above  the  frequency  of  resonance.  The  rate  at 
which  the  susceptance  varies  with  frequency  is  another  measure  of  the 
sharpness  of  resonance  and  of  the  Ql  of  the  circuit. 

5.4  Energy  Storage  and  Loss:  The  remaining  ideas  concerned  with  a 
simple  L-C  circuit  of  lumped  constants  which  should  be  mentioned  here  are 
the  characteristic  admittance  of  the  circuit,  the  energy  storage  capacity, 

"  As  will  be  seen  in  the  subsequent  discussion  the  factor  2ir  is  included  here  so  as  to 
simplify  the  definition  in  terms  of  admittance. 
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and  how  these  are  related  to  each  other  and  to  the  concepts  already  men- 
tioned. For  this  purpose  it  is  convenient  to  consider  the  circuit  shown  in 
Fig.  31  (c).  Across  the  terminals  AB  is  connected  the  L-C  circuit  in  which 
the  resistive  losses  are  represented  by  the  circuit  conductance  Gc.  The 
circuit  is  loaded  by  the  admittance  Y ^  =  Gi,  +  JBl. 

Looking  into  the  circuit  at  the  terminals  AB  one  sees  the  admittance: 

F,  =  G,+jBc  +  yI  =  Gc  +  rr  +J^C  +  Y'i 


juL 


which  may  be  rewritten: 

Y.  =  Gc+j  a/^(---)^Y] 


A  /^  { —   —  —   \ 


\      coo      / 


(19) 


^  a  +  2i ^"     Foe  +  F 


i  J 


where  coo  = 


i/i. 


The  expression  k/  — ,  having  the  dimensions  of  an  admittance,  is  by  definition 

the  characteristic  admittance  of  the  circuit,  Yfic-  Its  relation  to  the  energy 
stored  in  the  circuit,  and  through  this  to  the  various  Qs  defined  above,  may 
be  seen  from  the  following:  Using  the  root  mean  square  value  of  voltage,  the 
energy  stored  in  the  circuit  is  CV rf.  This  can  be  reduced  by  the  use  of  the 
definition  of  the  resonant  frequency  and  by  differentiation  of  the  expression 
(19)  for  the  admittance,  thus: 


CY RF    — Y UF    —    — 

0)0  ^ 


dB. 


dec 


rFL.  (20) 


resonant  frequency, 


Thus,  at  a  given  frequency  coo,  the  energy  stored  in  the  circuit  for  unit  voltage 
applied  to  it  may  be  specified  either  by  the  characteristic  admittance  of  the 
circuit,  Yoc,  or  by  the  rate  of  change  of  susceptance  with  frequency  at  the 
d^c 
dw 

The  loss  of  energy  per  cycle  in  the  circuit  itself,  that  is,  in  the  shunt  con- 
ductance Gc,  is  the  power  loss  in  the  circuit  divided  by   the   frequency, 

V^    G 

^^    '.     From  this  and  equation  (20)  the  unloaded  Q  is  seen  to  be: 
<oo/27r 

V  RF 


e.=  2.^^  =  i^.  (21) 
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Similarly,  for  the  loaded  and  external  Qs: 

^'^(Gc  +  GlV  ^^^^ 

Qext  =  '7^  .  (23) 

It  follows  that  the  Qs  are  related  thus: 

1  1  1 

K^n+TT'  (24) 

The  efficiency  of  the  circuit,  defined  as  the  fraction  of  the  energy  which 
reaches  the  useful  load  is  then: 


Vc 


y  RF 


r2  ,      /-.    J7-2 


__£ L__e.  '■''^ 

Qext  Qq  Qo 

5.5  Resonators  with  Distributed  Constants.  The  individual  cavities  of 
the  magnetron  oscillator,  however,  are  circuits  in  which  the  parameters  are 
distributed  and  not  lumped.  They  may  be  considered  to  be  "strip-type" 
resonators,  three  forms  of  which  generally  used  in  magnetrons,  are  shown 
in  Fig.  21  (a),  (b),  and  (c).  Type  (a)  has  been  called  the  slot  type  resonator; 
(b),  the  vane  type,  deriving  its  name  from  a  common  method  of  fabrication 
in  which  rectangular  plates  are  disposed  around  and  brazed  to  the  inside  of 
a  cyUndrical  cavity;  and  (c),  the  hole  and  slot  type  resonator.  The  forms 
of  these  resonators,  especially  the  parallel  strip  form  of  Fig.  21  (a),  suggest 
that  the  resonators  may  be  considered  as  sections  of  terminated  transmission 
lines. 

Voltage  and  current  waves  traveling  down  a  section  of  uniform  trans- 
mission ime,  terminated  at  one  end  by  a  short  circuit  and  driven  by  a  sinus- 
oidal voltage  at  the  other  end,  are  reflected  at  the  shorted  end.  The  inter- 
ference of  the  incident  and  reflected  waves  results  in  standing  waves  of 
voltage  and  current  along  the  line.  Since  the  voltage  and  current  waves 
suffer  phase  changes  on  reflection  differing  by  tt  radians,  the  corresponding 
standing  waves  are  shifted  by  7r/2  radians  relative  to  one  another.  Thus 
the  input  admittance  of  the  section  of  Hne  is  a  periodic  function  of  the  dis- 
tance, t,  to  the  shorted  end.  For  a  lossless  Une,  this  admittance  is  given 
by  the  expression: 

F  =  -  iFc  cot  '^-^  ^  -jY,  cot  ^-^ .  (26) 

A  C 
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In  (26),  Yo  is  the  characteristic  admittance  of  the  Une.  For  a  line  of  given 
length,  this  expression  gives  the  input  admittance  as  a  function  of  frequency. 
When  the  frequency  is  c/^(,  the  line  is  a  quarter  wavelength  long,  and  the 


Fig.  21. — Three  "strip  t>'pe"  cavities  commonly  used  in  magnetron  resonator  sj-stems, 
each  resonant  at  the  frequency  c/\.  Type  {a)  is  essentially  a  quarter  wavelength  (X/4) 
section  of  uniform  transmission  line.  It  should  be  noted  how  types  (h)  and  (c)  are  physi- 
cally shorter  than  type  (a)  by  virtue  of  the  greater  relative  capacitive  loading  near  the 
open  ends. 


input  admittance,  if  the  line  is  lossless,  is  zero.     In  other  words,  the  section 
of  Hne  resonates  at  this  frequency.       In  a  quarter  wavelength  resonator  of 

^^  The  frequenc}-  of  resonance,  /  =  c/4/',  is  the  fundamental  or  lowest  frequency  of  an 
infinite  series  of  resonant  frequencies  for  which  the  line  length  is  (2g  —  l)X/4; 

/,  =  {2q  -  \)c/U,q=  1,2,3,  •••. 
These  frequencies  may  be  specified  by  considerations  of  the  phase  relationships  which  must 
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uniform  geometry,  the  voltage  is  maximum  at  the  input  end  and  tlie  current 
is  maximum  at  the  shorted  end,  each  varying  sinusoidally  to  a  node  at  the 
other  end  of  the  line. 

The  frequency  of  resonance  of  a  section  of  terminated  uniform  line  is  thus 
determined  by  its  length.  If  the  geometry  of  the  line  is  nonuniform,  the 
frequency  of  resonance  may  be  determined  by  the  solution  of  Maxwell's 
equations  with  the  appropriate  boundary  conditions.  In  general,  this 
procedure  is  involved  and  tedious,  however.  One  may  get  a  reasonable 
idea  of  the  values  of  coo  and  Fo  by  assuming  the  half  of  the  resonator  near 
the  open  end  to  be  capacitive  only,  the  half  near  the  closed  end  inductive 
only,  and  calculating  C  and  L  by  appHcation  of  elementary  formulas  to  an 
equivalent  parallel  plate  capacitance  and  a  single  turn  sheet  inductance  of 
height  h  and  proper  cross  sectional  area.  In  the  case  of  geometry  like  that 
of  Fig.  21  (c),  the  division  of  the  resonator  on  this  basis  is  obvious. 

A  line  of  physical  length  T,  less  than  X/4,  may  be  made  to  resonate  at  the 
frequency  c/\  by  connecting  across  its  input  end  a  lumped  capacitive  sus- 
ceptance,  of  magnitude,  wC,  equal  to  that  of  the  inductive  susceptance  of 

the  line,  I'u  cot  — —  [see  equations  (18)  and  (26)].     In  like  manner,  reso- 

A 

nators  like  those  of  Fig.  21  (b)  and  (c),  whose  physical  length  is  less  than 
X/4,  may  be  considered  to  be  made  up  of  an  inductive  section  of  uniform  line 
across  which  additional  capacitance  has  been  inserted  near  the  open  end, 
bringing  the  frequency  of  resonance  to  c/X.  In  Fig.  21,  the  three  resonators 
of  different  physical  lengths  all  resonate  at  the  same  frequency. 

In  addition  to  the  resonant  frequency  of  a  resonator  of  distributed  con- 
stants, one  may  define  its  Qs  and  characteristic  admittance  and  Hnk  these 
to  the  rate  of  change  of  susceptance  and  energy  storage  capacity  at  reso- 
nance as  was  done  for  the  circuit  of  lumped  constants.  Resonators  of 
different  geometry  but  of  the  same  resonant  frequency  dififer  in  character- 
istic admittance  and  loss  conductance  and  hence  in  the  Qs  and  the  amount 
of  energy  which  can  be  stored  with  unit  voltage  impressed  across  the  in- 
put end.  Of  the  resonator  types  shown  in  Fig.  21,  the  slot  type  has  the 
largest  admittance,  the  vane  type,  the  smallest  admittance,  with  the  hole 
and  slot  type  intermediate. 

6.    Resonator  Systems 

6.1  Two  Coupled  Resonators:  The  resonator  system  of  tlie  magnetron 
oscillator  consists  of  a  number  of  individual  resonators  of  distributed  param- 
eters, machined  into  the  anode  block.  As  the  simplest  case  of  a  system  of 
coupled  resonators,  consider  that  having  two  resonators  which  are  coupled 

exist  between  oppositely  traveling  waves  on  a  lossless  line  for  constructive  interference. 
These  considerations  are  similar  to  those  employed  later  in  the  discussion  of  the  mode? 
of  oscillation  of  the  magnetron  resonator  system  as  a  whole. 
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only  by  the  mutual  linkage  of  magnetic  lines  and  which  resonate  at  the  same 
frequency,  coo,  when  uncoupled. 

When  such  a  coupled  system  is  shock  excited  it  is  observed  that  the 
oscillation  amphtude  in  either  of  the  circuits  is  modulated  at  a  so-called  beat 
frequency,  cob  .  A  fraction  or  all  of  the  energy  in  the  system,  depending  on 
the  initial  conditions,  surges  back  and  forth  at  this  frequency  between  the 
circuits  similar  to  the  manner  in  which  the  energy  of  motion  is  exchanged 
between  two  coupled  pendulums.  The  total  energy  in  the  system  is  con- 
stant, the  beats  differing  in  phase  by  7r/2  radians  between  the  circuits. 

The  observation  of  beats  is  a  manifestation  of  the  fact  that  the  two  coupled 
resonators  form  a  complex  system  oscillating  simultaneously  in  its  two 
modes  for  which  the  frequencies  are  (coo  +  ^b)  and  (coo  —  cob).  The  oscilla- 
tion in  either  circuit  results  from  the  superposition  of  the  two  component 
oscillations  in  this  manner: 

A  cos  (ojo  +  wb)  t  -\-  B  cos  [(wo  —  cob)  t  -\-  b]  = 

(  5\        /  5\       (27) 

{A  —  B)  cos  (wo  +  cob)  /  +  25  cos  (  cob/  —  7  )  cos  (  coo/  +  ~  1, 

with  a  similar  expression  for  the  case  when  A  <  B.  The  oscillation  may 
be  predominantly  of  one  frequency,  that  is,  almost  entirely  in  one  mode,  if, 
for  example,  A  ^  B.  In  general,  the  oscillation  is  a  superposition  of  a 
steady  oscillation  in  the  predominant  mode  [(wo  +  wb)  ii  A  >  B]  and  an 
oscillation  whose  amplitude  varies  with  the  beat  frequency,  cob  .  In  the 
special  case,  when  the  component  oscillations  are  of  equal  intensity,  A  =  B, 
the  amphtude  of  the  resultant  oscillation  in  either  circuit  goes  to  zero  periodi- 
cally at  the  frequency  cob  .  This  represents  the  case  for  which  all  the  energy 
present  in  the  system  is  transferred  back  and  forth  between  the  circuits. 

The  frequency  separation  of  the  two  modes  arises  from  the  coupled  effect 
of  the  oscillation  in  each  of  the  circuits  on  the  oscillation  in  the  other.  Thus, 
in  the  mode  of  lower  frequency,  (wo  —  wb),  the  two  circuits  oscillate  in  phase 
and  the  self  induction  effect  in  each  circuit  is  aided  by  the  mutual  induction, 
each  circuit  behaving  as  though  it  were  oscillating  freely  with  a  greater 
value  of  self  inductance  and  hence  at  lower  frequency  [equation  (17)].  For 
the  mode  of  higher  frequency,  (coo  +  ws),  the  reverse  is  true.  Here  the  two 
circuits  oscillate  out  of  phase  by  tt  radians,  the  mutual  induction  opposing 
the  self  induction  and  the  circuits  oscillating  as  though  uncoupled  with  a 
smaller  value  of  self  inductance  and  hence  at  higher  frequency. 

If  instead  of  shock  exciting  the  system  of  two  coupled  resonators  it  is 
forced  to  oscillate  by  applying  to  it  a  sinusoidal  voltage  of  variable  fre- 
quency, the  admittance  of  the  system  is  found  to  pass  through  minima  at 
the  mode  frequencies  (coo  +  wb)  and  (coo  —  wb).  Thus  it  is  possible  to  drive 
the  system  and  store  energy  in  -^ither  of  the  two  modes.     For  each  mode  of 
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the  coupled  circuit  system,  as  for  the  simple  single  frequency  resonator,  Q 
parameters  and  a  characteristic  admittance  may  be  delined  which  specify 
sharpness  of  resonance  and  energy  storage  capacity,  respectively. 

6.2  The  MullicavUy  Anode  Structure:  As  an  introduction  to  the  dis- 
cussion of  the  multicavity  resonator  system  of  the  magnetron  oscillator 
having  cylindrical  symmetry,  consider  the  system  of  a  series  of  resonators 
machined  side  by  side  in  a  linear  block  as  shown  in  Fig.  22.  One  may  con- 
sider such  a  linear  array  either  to  be  infinite  in  extent  or  to  be  terminated 
in  some  manner  at  the  ends  of  a  string  of  N  identical  resonators. 


Fig.  22. — A  linear  array  of  resonators  terminated  at  both  ends  by  generalized  termina- 
tions represented  by  planes.  The  figure  is  meant  also  to  indicate  the  nature  of  the  infinite 
array  of  resonators  referred  to  in  the  text. 

The  oscillation  in  each  resonator  of  the  array  of  coupled  resonators  is 
specified  by  a  differential  equation  in  terms  of  a  variable,  such  as  current 
or  voltage,  the  constants  of  the  circuit  itself,  and  the  mutual  interaction 
between  the  circuit  and  its  neighbors.  Each  solution  of  the  set  of  simul- 
taneous differential  equations  for  all  the  resonators  involved  corresponds 
to  a  definite  phase  shift  between  adjacent  resonators.  The  allowed  values 
of  this  phase  shift  depend  upon  the  boundary  conditions  imposed  on  the 
string  of  resonators.  If  the  block  is  infinitely  long,  all  values  of  phase  shift 
are  allowed.  In  terms  of  the  electromagnetic  field  pattern  formed  on  the 
front  surface  of  the  block  by  the  fringing  fields  of  the  individual  resonators, 
this  means  that  traveling  wave  solutions  representing  waves  of  any  velocity, 
traveling  over  the  surface  of  the  block  in  directions  normal  to  the  slots,  are 
possible.     If  the  block  is  terminated,  on  the  other  hand,  the  boundary 
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conditions  restrict  the  phase  shift  between  resonators  to  a  set  of  specific 
values.  These  correspond  to  the  travehng  waves  which  on  reflection  at 
the  terminations  constructively  interfere. 

The  cylindrical  magnetron  anode  structure  is  a  series  of  N  resonators 
connected  in  a  ring.  It  may  be  thought  to  be  a  section  of  a  linear  array  of 
resonators  rolled  into  a  cylinder.  The  boundary  condition  imposed  is  that 
of  connecting  together  the  resonators  at  the  ends  of  the  string.  Under 
these  circumstances  only  those  modes  of  oscillation  are  possible  for  which 
the  total  phase  shift  around  the  ring  is  2x«  radians,  n  being  any  integer 
including  zero.     The  oscillations  in  adjacent  cavities  then  differ  in  phase 

by  -—z~  radians.     Again  this  means  that  only  those  waves  traveling  around 

the  anode  block  which  constructively  interfere  are  possible  solutions.  These 
are  waves  which,  after  leaving  an  assumed  starting  point  and  traversing  the 
anode  once,  arrive  back  in  phase  with  the  wave  then  leaving  in  the  same 
direction.  The  anode  potential  waves  and  the  RF  interaction  fields  in  the 
interaction  space  to  which  they  correspond  have  already  been  discussed  in 
connection  with  equations  (12)  and  (13).  In  these  electromagnetic  field 
patterns,  the  electric  and  magnetic  field  components  are  displaced  both  in 
space  and  time  phase  by  7r/2  radians  relative  to  one  another,  similar  to  the 
manner  in  which  voltage  and  current  on  a  terminated  transmission  line  are 
related. 

6.3  The  Modes  of  the  Resonator  System:  It  has  been  seen  that  the  modes 
of  oscillation  of  a  magnetron  resonator  system  are  characterized  by  definite 

values  of  the  phase  shift  between  adjacent  resonators  specified  by   —  ,  in 

which  the  parameter  n  may  assume  only  integral  values  including  zero. 
Each  such  mode  of  oscillation  has  a  frequency  different  from  the  frequency 
of  any  other  mode  and  from  the  frequency  of  one  of  the  N  resonators  oscil- 
lating freely  and  uncoupled  from  its  neighbors.  In  the  general  case  of  N 
coupled  resonators,  as  in  the  case  of  two  coupled  resonators  previously  dis- 
cussed, the  modes  of  oscillation  have  different  frequencies  because  of  the 
effect  of  the  mutual  coupling  between  the  resonators.  For  N  =  2,  the 
oscillations  in  the  two  resonators  are  either  in  phase  or  tt  radians  out  of 
phase,  the  induction  in  one  circuit  by  the  other  either  directly  adding  to  or 
subtracting  from  the  self  induction.  In  the  case  of  the  multiresonator  sys- 
tem the  mutual  induction  effect  may  bear  phase  relations  to  the  self  induc- 
tion other  than  0  and  tt  radians.  Thus  not  only  the  magnitude  of  the 
coupling  but  also  this  phase  relationship  determines  the  magnitude  of  the 
effect  of  the  mutual  induction  and  hence  the  amount  of  deviation  of  the 
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mode  frequency  from  that  of  a  single  uncoupled  resonator.     If  the  coupling 

between  resonators  were  in  some  way  gradually  reduced,  all  mode  frequencies 

would  converge  to  the  value  for  a  single  uncoupled  resonator. 

The  complete  anode  potential  wave  for  a  mode  specified  by  the  parameter 

;;  has  been  given  in  equation  (12).     Each  of  its  traveling  components  is 

represented  by  a  fundamental  of  periodicity  n  and  a  series  of  so-called 

Hartree  harmonics  of  periodicities  k  =  n  -{-  pN,  />  =  0,  ±1,  ±2,  •  •  •  . 

Any  sinusoidal  component  for  which  the  number  of  complete  cycles  around 

N  . 
the  anode  is  greater  than  -  is  thus  a  harmonic  of  the  complete  field  pattern 

iV 
for  one  of  the  modes  whose  fundamental  is  of  periodicity  n  =  1,  2,  •  •  •  ,  —  . 

Physically  distinguishable  modes  of  oscillation  exist  only  for  the  values  of 

N    .  . 

n  less  than  or  equal  to  ^ ,  including  zero.     However,  this  accounts  for  only 

N 

-  +  1  of  the  ;V  modes  of  oscillation  which  one  expects  a  system  of  N  reso- 
nators to  possess.  The  reason  for  this  is  that  in  general  the  frequency  of  a 
mode  specified  by  the  parameter  n  (except  for  the  values  0  and  -  )  is  a  double 

root  for  a  perfectly  symmetrical  anode  structure.  The  mode  is  thus  a 
doublet  and  is  said  to  be  degenerate.  One  would  expect  this  on  mathe- 
matical grounds  from  the  fact  that  the  general  solution  of  expression  (12) 
has  four  arbitrary  constants,  whereas  a  singlet  solution  of  the  system  of 
second  order  differential  equations  specifying  the  oscillations  should  have 
no  more  than  two. 

The  nature  of  the  degeneracy  of  the  modes  of  the  resonator  system  is 
perhaps  most  clearly  seen  by  investigating  what  happens  when  the  sym- 
metry of  the  system  is  destroyed  by  the  presence  of  a  disturbance  or  per- 
turbation at  one  point,  a  coupling  loop  in  one  of  the  cavities  for  example. 
Such  a  disturbance  provides  the  additional  boundary  condition  needed  to 
remove  the  degeneracy. 

Consider  the  effect  of  the  perturbation  on  the  nth  mode.  It  represents 
an  admittance  shunted  across  the  otherwise  uniform  closed  ring  of  resonators. 
This  shunt  admittance  may  be  represented  by  eFo ,  e  being  a  complex  num- 
ber, taken  to  be  small  for  simplicity,  and  Yq  the  characteristic  admittance 
of  the  closed  resonator  system.  In  such  a  system,  a  potential  wave  inci- 
dent upon  the  disturbance  eFo ,  having  an  amplitude  a  at  the  disturbance, 
breaks  up  into  a  reflected  wave  and  a  transmitted  wave  which,  if  e  is  small, 

have  the  amplitudes  —  ^  o  and  f  1  —  -  j  a,  respectively  [see  equation  (30) 
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for  the  reflection  coefficient  on  a  transmission  line].  In  passing  across  the 
disturbance,  a  wave  undergoes  a  small  phase  shift  50(aj).  Since  the  total 
phase  shift  around  the  entire  system  must  remain  Ivn,  one  may  write :  <^(co)  + 
5(^(w)  =  lirn,  in  which  </)(co)  is  the  phase  shift  around  the  system  not  in- 
cluding the  disturbance.  If  there  is  no  disturbance,  w  =  w„  (a)„  is  used  here 
for  the  coo  of  the  nth  mode),  5</)(w)  =  0,  and  </)(co„)  =  l-wn.  For  waves  inci- 
dent upon  eFo  from  either  direction,  the  respective  amplitudes  a  and  h  at 
cFo  must  satisfy  the  equations: 


i>+ 


•-!-;.+ 


1  - 


1  - 


Writing  Itth  — 


d<f> 


(co  —  Un)  for  </>(co)  =  lirn  —  50  (co)  in  these  equations 


and  keeping  only  first  order  terms,  one  obtains  the  following  pair  of  ho- 
mogeneous Unear  equations  for  a  and  b: 


d<f>\ 
dec  L„ 


«»)  -  y 


a--6  =  0 
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{(C    -    iCn)    -    -\b    =    0. 


These  equations  have  a  solution  if  and  only  if  the  determinant  of  the  co- 
efficients vanishes,  that  is,  if: 


(co- 


^n)   [i 


(co  —  co„)  —  e     =  0. 


The  two  solutions  are  thus:  co  =  co„  ,  for  which  a  =  —b,  and  w  =  Un  — 


-  ,       for  which  a  =  b. 
d(p 

From  these  facts  concerning  the  ampUtudes,  namely,  that  at  the  disturb- 
ance eFo  the  amplitudes  of  the  two  oppositely  traveUng  waves  must  either 
be  equal  or  equal  and  opposite  in  sign  for  all  time,  one  may  conclude  that 
the  waves  are  of  equal  ampHtude  and  that  the  standing  waves  resulting  for 
each  frequency  must  have  a  node  at  the  disturbance  for  the  co  =  a)„  solution 


and  an  antinode  there  for  the  co  =  w„  — 


d4> 
dco 


solution. 


What  this  means  in  terms  of  the  general  solution  for  the  degenerate  mode 
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of  periodicity  n  of  equation  (13)  may  now  be  seen.  Expression  (13)  may 
be  rewritten  in  terms  of  6  measured  from  the  disturbance  eFo  in  this  way: 

Vrf  =  Z)  (^'U  -  Bk)  cos  io:t  -  ke  +  y) 

k 

+  E  25*  COS  {^^^  cos  L/  +  (^^^jj  cos  ke      (28) 

+  E  2Bk  sin  (^-^\  cos  Lot  +  (^^^)]  sin  ^0. 

When  the  degeneracy  is  removed,  the  first  summation  representing  the 
traveling  wave  vanishes  since  the  amphtudes  Ak  and  Bk  are  equal  for  the 
reasons  indicated.  Furthermore,  the  second  term  involving  cos  kd  terms 
is  then  the  component  of  the  doublet  whose  frequency  changes,  and  the 
third  term  involving  sin  kd  terms  is  the  component  of  undeviated  frequency. 
For  the  latter  component  the  disturbance  appears  at  a  node  and  hence  has 
no  effect.  The  reverse  holds  for  the  cos  kd  solution.  For  it,  the  frequency 
deviation  depends  on  the  magnitude  of  the  disturbance  through  the  quan- 
tity e.  The  disturbance  caused  by  the  coupling  loop  in  an  actual  magnetron 
resonator  system  is  sometimes  sufficient  to  split  the  components  into  dis- 
tinguishable resonances. 

Thus  an  unsymmetrical  multicavity  resonator  system  in  general  has  two 
modes  of  different  frequency  for  each  value  of  n.  With  respect  to  the 
asymmetry  as  origin,  one  of  these  modes  has  a  cosine-like  field  pattern,  the 

N 
other  a  sine-like  field  pattern.     This  is  true  for  w=l,  2,  •••,-—  1,  con- 
tributing N  —  2  modes.     The  remaining  two  modes  of  the  resonator  sys- 

N 
tem,  for  which  u  =  0  and  -  ,  are  singlet  modes  even  in  the  symmetrical 

anode.     This  may  be  seen  from  the  analysis  demonstrating  the  splitting  of 

the  nth  mode  into  two  components.     For  the  n  =  0  mode,  since  the  anode 

potential  wave  is  independent  of  azimuthal  angle,  the  solution  cj  =  co,^  for 

which  a  =  —b  represents  the  trivial  case  of  zero  amplitude  at  all  points. 

N  j^ 

Similarly,  for  the  n  =  -  mode  (the  tt  mode)  the  w  =  co„  —  ,       ,     solution 

2  ** 

for  which  a  =  b  yields  a  cosine-like  pattern  giving  zero  potentials  at  each 
anode  segment,  an  equally  trivial  case.  Thus  each  of  the  N  modes  of  the 
multicavity  resonator  system  have  been  accounted  for. 

As  an  example,  plots  of  the  field  configurations  for  tlie  modes  of  a  magne- 
tron having  eight  resonators  are  shown  in  Fig.  23.     For  clarity,  only  the 
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Fig.  23.— Configurations  of  electric  fields,  magnetic  fields,  and  anode  potentials  for  the 
n  =  0,  1,  2,  3,  and  4  modes  of  a  resonator  system  having  eight  resonators.  For  each  field 
pattern  of  periodicity  n,  the  configuration  of  the  electric  lines  of  force  in  the  magnetron 
interaction  space  is  shown  at  the  left,  the  configuration  of  the  magnetic  lines  threading  the 
resonators  is  shown  at  the  upper  right,  and  anode  potential  waves  are  shown  at  the  lower 
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electric  field  lines  of  the  fundamental  component  (p  =  0)  of  each  mode  are 
shown  in  the  interaction  space.  Only  the  magnetic  field  lines  are  shown  in 
the  resonators.  Below  these  is  plotted  the  distribution  in  potential  for 
each  of  the  fundamentals,  sin  ii9  and  cos  ii6,  n  =  0,  \,  2,  3,  and  4.  For  the 
w  =  0  mode  the  magnetic  flux  threads  through  all  the  resonators  in  the 
same  direction  and  returns  through  the  interaction  space.  That  all  the 
segments  are  in  phase  and  the  interaction  space  field  is  independent  of  angle 
may  be  seen.  That  there  is  but  one  tt  mode  is  also  seen  from  the  fact  that 
the  cos  46  term  corresponds  to  zero  potential  on  all  the  anode  segments. 
The  first  Hartree  harmonic  for  the  w  =  1  mode,  namely  that  for  which 
p  =  1,  having  seven  repeats  (k  =  7)  or  a  total  phase  shift  of  l-iir  radians 
around  the  anode,  is  also  plotted  in  Fig.  23  in  addition  to  the  fundamental. 
The  fact  that  it  yields  the  same  variation  of  anode  segment  potential  around 
the  anode  as  the  fundamental  is  apparent. 

If  the  system  of  N  resonators  were  shock  excited  it  would  oscillate  in  all 
of  its  modes  simultaneously,  producing  beats  in  a  manner  analogous  to  but 
considerably  more  complicated  than  that  for  the  system  of  two  resonators 
already  discussed.  Furthermore,  if  the  system  were  forced  to  oscillate  by 
an  external  drive  whose  frequency  can  be  varied,  the  admittance  of  the 
system  would  go  through  a  minimum  at  each  of  the  mode  frequencies.  With 
each  such  resonance  there  are  associated  values  of  the  Qs,  characteristic 
admittances,  energy  storage  capacities,  and  the  like. 

The  loading  of  the  two  modes  of  the  same  value  of  n  by  the  output  circuit 
of  the  magnetron  depends  on  the  position  of  the  output  loop  relative  to 
the  respective  standing  wave  patterns.     If  the  output  coupling  loop  forms 

right.  The  interaction  field  plots  represent  only  the  fundamental  components  in  each 
case.  The  higher  harmonics  would  affect  the  fields  as  i)lotted  most  radically  near  the  slots 
in  the  anode  surface.  The  arrow  shown  in  one  of  the  slots  in  each  case  indicates  the  res- 
onator which  is  coupled  to  the  output  circuit.  The  field  fines  in  each  plot  are  spaced 
correctly  relative  to  one  another  but  not  relative  to  those  in  any  other  plot.  In  the  plot 
of  magnetic  field  fines  in  the  resonator  system  (shown  as  dashed  fines),  the  anode  is  de- 
veloped from  the  cylindrical  case,  the  anode  segments  being  represented  by  the  shaded 
rectangles.  At  the  center  is  a  representation  of  the  output  loop.  The  magnetic  fines  for 
the  M  =  0  mode  thread  through  each  resonator  in  the  same  direction  and  back  through  the 
interaction  space  in  the  opposite  direction  as  indicated  by  the  open  circles  at  the  ends  of 
the  lines.  For  each  mode  the  magnetic  fines  are  shown  for  the  instant  when  RF  current 
flow  is  maximum  and  all  anode  segments  are  at  zero  potential.  In  the  plots  of  anode 
potential,  the  full  lines  represent  the  potential  variations  with  azimuthal  angle  d  of  the 
fundamental  components  sin  kd,  k  =  >i.  6  is  measured  from  the  position  of  the  output 
coupling  loop.  The  full  circles  on  these  curves  indicate  the  potentials  of  the  anode  seg- 
ments. The  dashed  lines  represent  the  cos  kO,  k  =  n,  modes.  It  should  be  noted  that 
the  cos  40  configuration  is  trivial  as  it  yields  zero  potential  on  each  anode  segment  at  all 
times.  The  cosine  curves  may  also  be  taken  to  represent  the  azimuthal  variation  of  mag- 
netic field  intensity  which  is  in  time  rjuadrature  with  respect  to  the  corresponding  sine  curves 
of  potential.  Similarly,  the  sine  curves  may  represent  magnetic  field  intensity  correspond- 
ing to  the  cosine  curves  of  potential.  For  the  «  =  1  mode  the  potential  variation  for  the 
second  Hartree  harmonic  {n  =  \,  p  =  —1)  is  also  plotted  (actually  sin  Id  is  plotted  in- 
stead of  sin  —Id  for  comparison  with  sin  6).  It  is  to  be  noted  that  it  corresponds  to  the 
same  anode  segment  potentials  as  its  fundamental. 
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the  asymmetry  discussed  above,  one  of  the  modes  is  strongly  coupled  and 
the  other  weakly  coupled.  The  strongly  coupled  mode  is  that  for  which 
the  anode  potential  wave  is  sine-like  with  respect  to  the  cavity  containing 
the  output  coupling  loop  as  origin.  In  this  mode  the  current  and  hence  the 
magnetic  flux  in  the  output  cavity  is  maximum.  The  fact  that  one  of  the 
modes  of  periodicity  n  is  weakly  coupled  maybe  of  significance  in  magnetron 
operation.  As  will  be  discussed  later,  oscillation  in  a  loosely  coupled  mode, 
having  a  high  Q  by  virtue  of  its  being  damped  only  by  losses  in  the  resonator 
system  itself,  may  build  up  more  rapidly  under  electron  drive  than  that  of 
the  TT  mode.  Then  it  is  possible  for  the  magnetron  to  oscillate  either  steadily 
under  certain  conditions,  or  intermittently,  in  an  unwanted  mode.  For  this 
reason  it  is  usually  necessary  to  provide  a  second  asymmetry  in  the  anode 
structure  so  as  to  shift  the  standing  wave  patterns  of  the  two  modes  of  same 
n  most  likely  to  offend  and  in  this  way  to  equalize  their  coupling  to  the  out- 
put circuit. 

6.4  Higher  Order  Modes:  To  this  point  in  the  discussion  the  RF  cir- 
cuit of  the  magnetron  has  been  assumed  to  behave  like  a  string  of  N  lumped 
circuits  coupled  together  in  a  ring,  each  circuit  having  only  one  natural 
frequency  of  resonance.  This  structure,  as  has  been  seen,  has  N  modes  of 
oscillation.  Actually  the  multicavity  resonator,  since  its  constants  are 
distributed,  has  an  infinite  number  of  modes  of  oscillation.  They  are  to 
be  distinguished  by  the  nature  of  the  variation  of  the  RF  field  along  the 
axis  of  the  resonator  system  and  radially  in  the  individual  resonators.  Thus 
there  may  be  nodal  planes  passing  through  the  resonator  system  normal  to 
its  axis,  or  nodal  cyhnders,  concentric  with  the  axis  of  the  system,  passing 
through  the  resonators.  The  modes  may  be  classified  as  symmetric  or 
antisymmetric  depending  on  whether  the  two  ends  of  the  system  are  in 
phase  or  tt  radians  out  of  phase.  The  variation  of  RF  voltage  along  the 
anode  length  is  a  circular  sine  or  cosine  function  if  the  mode  frequency  is 
greater  than  the  resonant  frequency  of  the  unstrapped  resonator  system 
and  is  a  hyperbolic  sine  or  cosine  function  if  the  mode  frequency  is  less. 
The  fundamental  multiplet  of  N  modes  discussed  above  are  symmetric 
modes  corresponding  either  to  no  variation  or  to  a  hyperboUc  cosine  varia- 
tion of  RF  voltage  along  the  length.  In  these  modes  of  the  resonator  system 
the  cavities,  considered  as  radial  shorted  transmission  lines,  resonate  in 
their  fundamental  modes.  Generally  the  frequencies  of  the  higher  order 
modes  of  the  resonator  system  are  quite  far  removed  from  those  of  the 
fundamental  multiplet  and  only  rarely  need  be  considered. 

6.5  Other  Types  of  Resonators:  As  alluded  to  earlier,  other  types  of 
magnetron  resonators  have  been  devised  which  can  supply  the  proper  al- 
ternate TT  mode  potentials  to  the  segments  of  a  multisection  anode.  Two 
of  these  which  have  received  some  consideration  by  magnetron  designers 
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but  wliich  have  not  come  into  general  use  will  be  mentioned  in  passing.  One, 
the  so-called  "serp)entine"  anode  structure,  consists  of  a  single  slot,  cut 
into  the  anode  body,  which  winds  up  and  down  the  anode  length  and 
around  the  interaction  space.  It  is  essentially  a  "half-section"  wave  guide, 
closed  on  itself,  oscillating  in  its  fundamental  at  the  cut-off  wavelength. 
As  one  passes  along  the  resonator,  the  field  for  this  mode  is  uniform,  but, 
by  virtue  of  the  geometrical  arrangement,  the  field  it  supplies  to  the  inter- 
action space  is  t  radians  out  of  phase  from  gap  to  gap.  Other  modes  corre- 
spond to  integral  numbers  of  wavelengths  along  the  length  of  the  "serpen- 
tine" resonator.  The  separation  in  frequency  between  the  fundamental 
and  the  next  highest  harmonic  generally  is  not  as  great  as  is  desirable. 

The  other  magnetron  resonator  system  to  be  mentioned  involves 
the  use  of  a  single  toroidal  cavity  of  rectangular  cross  section  whose  inner 
cyhndrical  surface  has  been  removed.  Across  this  opening  are  placed  the 
anode  segments,  adjacent  ones  being  connected  to  opposite  sides.  The 
fundamental  of  this  cavity  corresponds  to  the  cut-off  wavelength  as  in  the 
"serpentine"  structure.  This  cavity  has  been  mentioned  in  the  literature^" 
and  has  received  some  attention  during  the  war.  It  is  most  useful  in  low 
voltage  CW  magnetrons  where  the  small  interaction  space  makes  possible 
a  resonator  with  sufficiently  great  mode  separation  between  the  fundamental 
and  the  first  harmonic. 

7.    Separation  of  Mode  Frequencies 

7.1  Necessity  and  Means:  The  frequencies  of  the  modes  of  the  magnetron 
resonator  system  near  that  of  the  tt  mode  would  ordinarily  be  closely  grouped 
were  not  steps  taken  to  separate  them.  Curve  (a)  of  Fig.  25  shows  the  dis- 
tribution of  mode  wavelengths  for  a  typical  10  cm.  resonator  system  like 
that  of  Fig.  1.  It  is  not  easy  to  account  for  the  exact  nature  of  this  curve. 
By  virtue  of  the  fact  that  the  mutual  induction  effects  between  circuits 
bear  different  phase  relations  to  the  self  induction  effects  for  different  modes 
one  would  expect  the  mode  frequencies  to  differ.  However,  the  conditions 
at  the  ends  of  the  resonator  block,  in  which  region  the  flux  lines  link  the 
resonators,  are  extremely  important  and  affect  frequency  in  a  way  not  com- 
pletely explained  as  yet.  That  the  end  regions  should  have  an  effect  is 
understandable  since  they  contribute  capacitance  and  inductance  as  does 
any  other  part  of  the  resonating  cavity  in  which  there  are  electric  and  mag- 
netic field  hnes.  Furthermore,  as  might  be  expected,  it  has  been  demon- 
strated that  the  end  conditions  have  a  greater  effect  on  mode  frequency 
the  lower  the  mode  number  n.  This  results  from  the  fact  that  the  field 
strength  in  a  mode  of  periodicity  n  falls  off  inversely  as  rapidly  as  the  nth 
power  of  the  distance  from  the  resonator  block. 

From  the  point  of  view  of  the  electronics  of  the  magnetron,  one  might 

^'This  resonator  is  the  so-called  "turbator"  discussed  by  F.  Liidi,  Bull.  Schvveiz. 
Elektrotechn.  Verein,  Vol.  33,  No.  23  (1942). 
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think  proximity  of  mode  frequencies  to  be  no  problem  because  the  different 
modes,  even  if  of  the  same  frequency,  generally  require  different  conditions 
relating  the  operating  parameters  V  and  B  for  oscillation  [see  relation  (14)]. 
From  the  circuit  point  of  view,  however,  close  proximity  of  the  mode  fre- 
quencies is  clearly  undesirable,  for  under  such  conditions  it  is  possible  that 
a  second  mode  may  be  excited  by  the  electronically  driven  mode  which  is 
usually  the  tt  mode.  The  tt  mode  oscillation,  coupled  to  the  second  mode 
through  some  asymmetry  in  the  resonator  system,  under  these  conditions 
sets  up  forced  oscillations  in  the  second  mode.  The  interaction  field  pattern 
of  the  second  mode  then  appears  as  a  contamination  of  the  tt  mode  pattern, 
adversely  affecting  the  electronic  interaction  with  the  tt  mode. 

The  mode  frequency  separation  in  magnetron  resonator  systems  generally 
has  been  accomplished  by  two  methods  which  bear  an  instructive  relation 
to  the  means  by  which  the  mode  frequencies  of  two  coupled  resonators  may 
be  separated.  In  the  two  resonator  system,  it  is  clear  that  the  mode  fre 
quency  separation  can  be  increased  by  increasing  the  coupling  since  the 
difference  in  mode  frequencies  is  brought  about  by  the  mutual  coupling 
between  the  circuits,  as  has  been  explained.  On  the  other  hand,  mode 
frequency  separation  may  also  be  accomplished  by  detuning  the  individual 
resonators  relative  to  one  another.  In  either  case  the  mode  frequencies 
separate.  Under  shock  excitation  of  the  system,  the  beat  frequency,  equal 
to  half  the  difference  in  the  two  mode  frequencies,  increases,  corresponding 
to  the  greater  rate  of  interchange  of  energy  between  one  resonator  and 
the  other. 

In  the  multicavity  resonator  system  of  the  magnetron  these  means  corre- 
spond, on  the  one  hand,  to  the  increase  of  coupling  by  conductive  connec- 
tions between  the  resonators,  or  so-called  straps,  and,  on  the  other  hand,  to 
the  use  of  cavities  tuned  alternately  to  different  frequencies.  This  latter 
method  has  been  used  in  the  so-called  "rising  sun"  anode  structure  to  be 
discussed  presently. 

7.2  Strapping  of  the  Resonator  System:  The  idea  of  strapping  a  magnetron 
anode  appeared  in  a  British  attempt  to  lock  the  oscillation  of  the  resona- 
tor system  into  the  tt  mode  by  connecting  alternate  anode  segments  together 
with  wire  straps.  Although  the  number  of  modes  of  such  a  strapped  struc- 
ture is  not  changed,  since  its  N-fold  symmetry  remains,  the  so-called  "mode- 
locking  straps"  did  succeed  in  separating  the  modes  and  making  for  easier 
oscillation  in  the  ir  mode  alone.  The  frequency  separation  of  the  modes  is 
not  infinite,  however,  because  the  straps  are  not  of  negligible  length  com- 
pared to  a  wavelength  and  thus  have  appreciable  impedance  between  points 
on  the  structure  to  which  they  are  connected.  In  most  magnetron  resonator 
systems  today,  straps  of  some  form  or  other  are  employed. 

In  Fig.  24  are  shown  four  types  of  strapping  including  the  early  British 
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Pi  24.-Schematic  diagrams  of  four  strapping  schemes  used  in  magnetron  resonator 
systems  End  views  are  shown  on  the  left,  and  views  rolled  out  as  m  Fig.  23  are  shown  on 
the  right,  (a)  represents  the  early  British  type  of  unsymmetrical  wire  strappmg  (i),  a 
single  ring  type,  (c),  the  so-called  echelon  type  of  wire  strapping,  and  (d)  the  double  ring 
t  pe  In  types  a  and  (b)  the  straps  on  each  end  are  at  the  same  radius  except  where 
thev  overlap  but  aJe  shown  separated  on  the  left-hand  diagram  for  clarity.  I"  >Pes  ^ 
and  id)  the  straps  on  the  same  end  are  at  the  same  height  and  are  shown  as  in  the  nght- 
hand  diagrams  for  clarity.  The  section  A-A  through  type  (d)  shown  below,  indicates  hou 
the  straps  may  be  recessed  into  the  resonator  structure  for  shielding.  The  nature  of  the 
frap  brlaks  introduced  into  types  (c)  and  (d)  are  seen..  In  type  (c)  two  links  are  removed 
and  in  type  {d)  actual  breaks  are  made  in  the  otherwise  symmetrical  rings.  The  breaks, 
shown  hefe  adjacent  to  the  output  coupling  loop,  are  usually  placed  diametrically  opposite. 

223 


224 


BELL  SYSTEM  TECHNICAL  JOURNAL 


type.  In  Fig.  25  are  shown  the  distributions  of  mode  frequency  for  a  typical 
resonator  system  unstrapped,  and  strapped  with  three  of  the  types  of 
strapping  shown  in  Fig.  24. 

It  is  possible  to  account,  in  quite  simple  terms,  for  the  shift  which  takes 
place  in  the  mode  frequency  distribution  when  the  anode  is  strapped.  For 
this  purpose  consider  a  double  ring  strapped  system  like  that  of  Fig.  24  (d). 
The  role  of  the  straps  in  determining  mode  frequency  depends  upon  the 
relative  magnitudes  of  their  shunt  inductive  and  capacitive  efifects.     The 
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Fig.  25. — Plots  of  the  variation  of  mode  wavelength  with  mode  number  for  a  resonator 
system,  unstrapped,  or  strapped  in  different  ways.  Curve  (a)  is  for  the  unstrapped  anode 
structure.  Curve  {b)  is  for  the  same  structure  strapped  as  shown  in  Fig.  24  {a),  curve  (c) 
for  the  same  structure  strapped  as  shown  in  Fig.  24  {b),  and  curve  {d)  for  the  same  structure 
strapped  as  shown  in  Fig.  24  {d).  It  is  to  be  noted  how  the  wavelength  increases  for  large 
n  and  decreases  for  small  ti  as  the  "strength"  of  strapping  is  increased. 


capacitive  effect  of  the  straps  for  any  mode  depends  upon  the  amount  of 
shunt  capacitance  added  relative  to  that  already  present  in  the  resonators 
and  upon  the  positions  in  the  system  to  which  they  are  connected.  This 
latter  determines  the  average  phase  difference  between  the  rings  and  thus 
their  potential  difference  per  unit  RF  voltage  excitation.  Similarly,  the 
inductive  effect  of  the  straps  depends  upon  the  magnitude  of  their  shunting 
inductance  relative  to  that  in  the  resonators.  However,  the  important 
consideration  concerning  the  points  to  which  the  straps  are  connected  is  the 
phase  differences  between  points  along  the  resonator  system  to  which  a 
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given  ring  is  connected.  This  determines  the  amount  of  current  which  the 
strap  carries. 

In  the  case  of  the  tt  mode  the  two  straps  are  tt  radians  out  of  phase,  each 
strap  being  connected  to  points  which  are  in  phase  and  at  potential  maxima 
[compare  Figs.  23  and  24  (d)].  Their  effect  is  predominantly  capacitive. 
The  only  currents  flowing  in  the  straps  are  the  charging  currents  of  the  strap 
capacitances.  If  a  resonator  system  having  a  total  capacitance  C,  a  total 
inductance  L,  and  a  v  mode  angular  frequency  coo  ,  is  strapped  by  a  strapping 
system  which  adds  a  total  capacitance  d  to  the  resonator  system,  the  new 
frequency  is 

oj^  =  i/VL{c  +  Cs)  =  ojo/vTTcvc. 

The  change  in  frequency  is  thus  specified  by  the  so-called  "strength"  or 
"tightness"  of  the  strapping  implied  in  the  ratio  of  strap  to  resonator 
capacitance. 

For  modes  of  lower  periodicity,  n  <  N/2,  the  average  potential  difference 
between  the  straps  and  thus  their  capacitive  effect  is  less  because  the  straps 
connect  points  on  the  resonator  structure  differing  in  phase  by  less  than  tt 
radians.  This  corresponds  to  the  shunting  of  a  resonant  line  by  a  capaci- 
tance nearer  the  voltage  node,  at  which  point  it  would  have  no  effect.  On  the 
other  hand,  a  giieti  ring  now  connects  points  on  the  anode  whose  potentials 
differ  in  phase.  The  ring  thus  provides  additional  conducting  paths  for  the 
circulating  RF  currents  in  the  resonator  system.  These  paths  are  essentially 
shunt  inductances  across  the  resonators  which  reduce  the  over-all  inductance 
of  the  resonator  system,  shifting  the  mode  to  shorter  wavelength.  As  mode 
number  decreases  the  two  straps  come  closer  together  in  potential  but  each 
strap  connects  points  of  greater  potential  difference.  Thus  the  capacitive 
effect  decreases,  the  currents  carried  by  the  straps  and  hence  the  inductive 
effect  increase,  resulting  in  a  progressive  depression  of  mode  wavelength. 

In  Fig.  25  the  curves  (a),  (b),  (c),  and  (d)  represent  the  progression  from 
the  unstrapped  case,  (a),  through  three  successive  cases  of  increasing 
strength  of  strapping.  This  increase  in  strength  of  strapping  has  resulted 
both  in  an  increase  of  strap  capacitance  and  a  decrease  of  strap  inductance 
as  the  increase  of  tt  mode  wavelength  and  the  decrease  of  mode  wavelengths 
for  smaller  n  demonstrates.  It  is  accomplished  by  increasing  both  the  inter- 
strap  and  strap-to-body  capacitances  as  well  as  the  cross  sectional  area  of 
the  straps. 

The  magnitude  of  the  inductance  of  a  strap  depends  on  its  physical  length 
between  the  points  on  the  anode  structure  to  which  it  is  connected.  As 
this  length  increases,  the  strap  inductance  increases  and  hence  has  less  effect 
as  a  shunt  path.  For  this  reason,  the  effectiveness  of  a  given  strapping 
scheme  in  producing  separation  of  mode  frequencies  is  reduced  if  the  anode 
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diameter  is  increased  for  higher  voltage  operation  or  to  accommodate  a 
greater  number  of  resonators  around  the  anode  periphery. 

Finally,  it  should  be  pointed  out  that  the  location  of  the  straps  at  the  ends 
of  the  anode  structure  causes  their  effectiveness  to  reduce  with  increasing 
anode  length.  As  anode  length  is  increased,  the  mode  frequency  distribu- 
tion approaches  that  of  the  unstrapped  resonator  system  of  infinite  length. 

7.3  Asymmetries  in  Strapping — Strap  Breaks:  Of  very  great  importance 
to  the  operation  of  a  strapped  resonator  system  is  the  degree  of  symmetry 
in  the  strapping  system.  The  early  British  strapping  is  not  symmetrical 
around  the  anode.  The  other  three  types  shown  in  Fig.  24  are  symmetrical 
except  for  breaks  which  are  usually  incorporated  at  least  on  one  end  of  the 
anode.  These  asymmetries  in  the  strapping  provide  the  most  convenient 
method  of  incorporating  in  the  resonator  system  the  additional  asymmetry 
needed  to  orient  the  standing  wave  patterns  of  doublet  modes  with  re- 
spect to  the  output  circuit  of  the  magnetron  so  as  to  equalize  their  loading. 
In  addition,  the  strap  asymmetries  are  arranged  so  as  not  to  affect  the  sym- 
metrical distributions  of  voltage  and  current  in  the  resonator  system  for  the 
TT  mode  but  to  destroy  such  symmetry  to  an  appreciable  extent  for  other 
modes.  For  example,  the  destruction  of  the  symmetry  of  the  w  =  3  mode 
pattern  in  a  system  of  eight  resonators  by  a  single  asymmetry  in  the  strap- 
ping amounts  to  its  contamination  with  a  field  component  of  periodicity 
corresponding  io  n  =  1.  Since  the  voltage  and  magnetic  field  values  at 
which  this  contaminating  component  may  be  driven  by  the  electrons  are 
considerably  farther  removed  from  the  tt  mode  values  than  are  those  of  the 
w  =  3  mode,  one  has  effectively  converted  the  «  =  3  mode  into  another 
mode  less  troublesome  electronically. 

In  the  echelon  strapping  of  Fig.  24  (c)  the  asymmetry  is  produced  by 
removal  of  two  of  the  connecting  links.  The  breaks  in  the  strip  or  ring 
straps  of  Fig.  24  (d)  are  located  as  shown  in  the  center  of  a  hnk  between  two 
strap  "feet".  The  break  is  thus  at  a  current  node  in  the  strap  for  the  it 
mode  and  has  no  effect  on  the  pattern  symmetry  of  this  mode.  For  the 
other  modes,  however,  the  breaks  appear  at  points  where  currents  would 
normally  flow  and  so  represent  sharp  discontinuities  in  the  structure  for 
these  modes. 

In  connection  with  strapped  resonator  systems  there  are  two  further  points 
which  should  be  mentioned.  The  first  of  these  is  the  necessity  in  some  cases 
of  shielding  the  straps  from  the  interaction  space.  The  inner  ring  straps, 
mounted  on  the  ends  of  the  anode  structure,  present  potentials  to  the  inter- 
action space  which  are  independent  of  angle.  This  amounts  to  a  perturb- 
ing n  =  0  like  component  in  the  field  pattern  which  is  particularly  strong 
near  the  ends  of  the  anode  and  which  affects  magnetron  operation  adversely 
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in  the  manner  already  discussed  in  Section  4.5  EJfect  of  Other  Components  in 
the  Interaction  Field.  It  can  be  removed  by  shielding  the  straps  as  shown 
for  the  case  of  the  double  ring  straps  in  the  section  A-A  of  Fig.  24  (d).  The 
shields,  being  parts  of  the  anode  segments,  maintain  the  proper  potential 
distribution  in  the  interaction  space.  The  echelon  straps  of  Fig.  24  (c), 
since  they  overlap,  need  not  be  shielded. 

Secondly,  the  location  of  the  straps  at  the  ends  of  the  resonator  system  has 
an  effect  on  the  amount  of  variation  of  RF  voltage  along  the  length  of  the 
anode  in  the  tt  mode.  For  anodes  of  length  approaching  a  half  wavelength 
or  greater,  this  may  become  great  enough  to  warrant  attention.  It  is  in- 
structive, in  this  connection,  to  consider  the  anode  structure  as  being  made 
up  of  two  circular  strip  transmission  lines,  the  straps  at  the  ends  of  the 
structure,  between  which  there  are  connected  at  intervals  N  "half-section" 
wave  guides,  the  N  resonators  of  the  system.  Since  the  resonant  frequency 
of  the  system  is  less  than  that  of  an  individual  resonator,  the  resonators  act 
as  inductances  connected  across  each  set  of  straps  and  as  wave  guide  con- 
nections between  the  sets  of  straps  operating  beyond  cut-off,  the  RF  voltage 
var>ang  hyperbolically  along  their  lengths.  Since  the  two  ends  of  the  anode 
structure  are  in  phase,  the  mode  is  symmetric  about  the  median  plane  and 
the  variation  of  RF  voltage  along  the  axis  is  expressed  by  the  hyperbolic 
cosine. 

7.4  The  "Rising  Sun"  Resonator  System:  The  second  type  of  magnetron 
resonator  system  in  which  the  mode  frequencies  may  be  separated  sufficiently 
well  to  allow  "clean"  operation  in  the  ir  mode  is  an  unstrapped  structure 
involving  the  use  of  resonant  cavities  of  two  sizes  so  arranged  that  adjacent 
cavities  are  alternately  large  and  small.  This  resonator  system,  called  the 
"rising  sun"  system,  accomplishes  mode  frequency  separation  by  a  means 
analogous  to  the  increase  in  separation  of  the  mode  frequencies  of  a  system 
of  two  coupled  resonators  achieved  by  relative  detuning  of  the  individual 
resonators.  At  the  Columbia  Radiation  Laboratory  during  a  series  of 
experiments  with  asymmetries  in  an  unstrapped  resonator  system,  designed 
to  achieve  good  operation  in  a  harmonic  of  one  of  its  doublet  modes  rather 
than  in  the  w  mode,  it  was  observed  that  as  the  natural  frequencies  of  the 
two  sets  of  resonators  were  separated  the  mode  frequencies  diverged  in  two 
groups  as  though  each  group  corresponded  to  one  of  the  two  sets  of  resona- 
tors and  that  in  this  configuration  the  t  mode  was  quite  well  separated 
from  the  other  modes.  Thus  the  system  appeared  to  be  well  suited  for 
TT  mode  operation,  providing  a  means  of  mode  separation  without  the  use 
of  straps.  As  such  it  is  particularly  adaptable  to  use  in  magnetrons  of 
short  wavelength  where  straps  become  very  small  and  extremely  difficult  to 
construct. 
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A  "rising  sun"  resonator  system  for  iV  =  18  is  shown  in  Fig.  26.  The 
distribution  of  its  mode  frequencies  is  shown  in  Fig.  27,  together  with  dis- 
tributions for  unstrapped  and  strapped  eighteen  resonator  systems  which 
have  the  same  tt  mode  frequency.  It  is  seen  that  the  modes  of  the  "rising 
sun"  resonator  system  arrange  themselves  into  two  groups  or  branches. 
Since  the  anodes  are  quite  "long"  (approximately  3X/4)  the  distribution  for 
the  unstrapped  case  having  uniform  resonator  size  [curve  (a)]  approximates 
the  distribution  for  an  anode  of  infinite  length.     It  is  reversed  from  the 


Fig.  26. — A  so-called  "rising  sun"  type  resonator  sj'stem  having  eighteen  resonators. 
The  slit  at  the  "back"  of  the  resonator  in  the  right  foreground  is  to  be  connected  to  the 
output  circuit  (compare  Fig.  30). 


unstrapped  distribution  of  Fig.  25,  curve  (a),  in  which  the  end  etfects  upon 
modes  of  small  n  are  appreciable. 

In  the  system  of  two  coupled  resonators,  whether  or  not  they  are  tuned 
individually  to  the  same  frequency,  it  has  been  seen  that  there  are  two 
mode  frequencies  corresponding  to  oscillations  of  the  coupled  system  in 
which  the  resonators  are  in  phase  or  tt  radians  out  of  phase.  In  the  "rising 
sun"  system  one  observes  two  groups  of  mode  frequencies  corresponding  to 
oscillations  of  the  coupled  systems  of  resonators  in  which  corresponding 
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modes  of  the  component  systems,  that  is,  modes  of  the  same  pattern  period- 
icity, add  in  phase  or  tt  radians  out  of  phase.  Thus  the  modes  of  a  "rising 
sun"  system  having  eighteen  resonators  corresponding  to  n  =  0,  1,  2,  •  •  •  , 
8,  and  9  are  to  be  compounded  of  the  two  sets  of  modes  for  the  large  and 
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Fig.  27. — Plots  of  mode  wavelength  as  a  function  of  mode  number  for  three  different 
resonator  systems  of  eighteen  resonators  having  the  same  axial  length  and  tt  mode  wave- 
length. Curve  (a)  is  for  an  unstrapped  resonator  sj'stem  of  identical  resonators.  Curve 
{!))  is  for  a  "heavily"  strapped  resonator  system  having  identical  resonators.  Curve  {c)  is 
for  a  "rising  sun"  type  resonator  system  having  a  ratio  of  resonator  wavelengths  of  1.8. 


small  resonators,  each  set  including  modes  of  periodicities  n'  =  0,  1,  2,  3' 
and  4.  The  two  n'  =  0  modes  when  added  in  phase  give  the  «  =  0  mode 
of  the  whole  system  but  when  added  tt  radians  out  of  phase  give  the  «  =  9 
or  TT  mode  of  the  whole  resonator  system.  This  latter  fact  is  perhaps  made 
more  clear  by  the  observation  that  in  the  n  =  9  or  tt  mode  all  the  large 
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resonators  are  in  phase  and  tt  radians  out  of  phase  with  all  the  small  reso- 
nators. Similarly  the  n'  =  1  modes  of  the  two  component  sets  of  reso- 
nators added  in  phase  give  the  «  =  1  mode,  added  tt  radians  out  of  phase 
give  the  w  =  8  mode.  The  n'  =  2  modes  yield  the  n  =  2  and  «  =  7  modes 
of  the  total  resonator,  and  so  on.  Modes  of  the  component  resonator  systems 
of  different  periodicities  do  not  add  as  they  are  uncoupled  in  the  same  sense 
as  two  modes  of  a  resonator  system  with  resonators  all  of  the  same  size. 
The  curve  showing  the  distribution  in  mode  frequency  from  n  =  0  to  n  =  4 
thus  has  the  usual  shape  for  increasing  periodicity  of  the  field  pattern. 
The  distribution  in  mode  frequency  for  the  remaining  modes,  however,  is 
reversed  in  form  and,  as  n  goes  from  9  down  to  5,  appears  as  a  distribution 
should  for  which  the  mode  periodicity  increases.  The  two  branches  of  the 
mode  frequency  distribution  curve  thus  appear  as  approximate  mirror 
images  which  are  shifted  relative  to  one  another  along  the  frequency  scale 
by  virtue  of  the  difference  in  phase  of  the  mutual  coupling  between  the  two 
sets  of  resonators.  As  far  as  frequency  is  concerned,  the  x  mode  of  the 
total  system  has  the  characteristics  of  a  mode  whose  field  pattern  is  inde- 
pendent of  angle,  and  its  frequency  is  well  separated  from  those  of  other 
modes. 

As  in  the  case  of  both  unstrapped  and  strapped  symmetrical  resonator 
systems,  equivalent  circuits  have  also  been  devised  and  studied  for  the 
"rising  sun"  structure.  Sufl&ce  it  to  say  here  concerning  them  that  in  each 
case  it  has  been  possible  to  explain  and  predict  the  mode  frequency  behavior 
to  a  surprising  degree  of  accuracy. 

As  a  magnetron  resonator  the  "rising  sun"  system  has  both  advantages  and 
disadvantages.  Its  most  obvious  advantages  are  its  lack  of  strapping  with 
consequent  ease  of  construction  for  short  wavelengths  and  the  abihty  to 
make  an  anode  structure  of  any  length  with  no  penalty  in  mode  frequency 
separation.  Although  the  frequency  separation  of  the  x  mode  from  other 
modes  is  not  as  great  as  is  possible  in  strapped  magnetrons,  its  independence 
of  anode  length  and  the  fact  that  it  can  be  realized  at  higher  values  of  .V  are 
both  important  for  high  power  magnetrons.  Furthermore,  the  "rising  sun" 
structure,  having  no  strap  losses,  possesses  an  inherently  higher  unloaded  Q 
than  strapped  resonator  systems.  This  results  in  an  improvement  in  circuit 
efficiency  by  a  factor  which  may  be  as  high  as  1.2  at  1.25  cm.  wavelength. 

The  major  disadvantage  of  the  "rising  sun"  resonator  system  is  the 
presence  in  its  tt  mode  interaction  field  of  a  strong  admixture  of  a  com- 
ponent independent  of  angle.  How  this  comes  about  may  be  seen  from  the 
following  considerations:  The  x  mode  frequency  of  the  composite  resonator 
system  lies  somewhere  between  the  free  oscillation  frequencies  of  the  large 
and  small  resonators.  When  oscillating  in  the  x  mode,  therefore,  the  large 
resonators  are  longer  and  the  small  resonators  shorter  than  an  equivalent 
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quarter  wavelength.  Said  another  way,  the  electrical  distance  from  the 
back  of  a  large  resonator  to  its  opening  in  the  anode,  across  the  segment  face, 
and  to  the  back  of  the  adjacent  small  resonator  is  an  electrical  half  wave- 
length along  which  the  voltage  and  current  vary  approximately  sinusoidally. 
For  this  reason  the  maximum  in  the  RF  voltage  and  the  corresponding  cur- 
rent node  do  not  appear  at  the  mouth  of  either  cavity  but  at  a  point  (M  of 
Fig.  28)  somewhat  inside  the  opening  of  the  large  cavity.  This  means  that 
the  electric  field  across  the  mouth  of  the  larger  cavity  is  greater  than  that 
across  the  mouth  of  the  smaller  cavity.  The  excess,  since  all  the  large 
cavities  are  in  phase,  adds  up  around  the  anode  to  form  an  electric  field 


Fig.  28. — .\  diagram  illustrating  the  origin  of  the  component  independent  of  angle  in  the 
TT  mode  interaction  field  of  the  "rising  sun"  resonator  system.  The  length  of  the  arrow 
lying  parallel  to  and  just  inside  the  resonator  wall  at  any  point  is  proportional  to  the  magni- 
tude of  the  RF  current  flowing  there.  The  RF  current  node,  and  hence  RF  voltage  maxi- 
mum, occurs  at  M,  inside  the  mouth  of  the  larger  cavity.  Note  that  this  gives  rise  to 
currents  flowing  in  the  faces  of  the  anode  segments  which  are  in  the  same  direction  around 
the  interaction  space  and  that  the  RF  field  strength  across  the  mouth  of  a  larger  cavity  is 
greater  than  that  across  the  mouth  of  a  smaUer  cavity.  This  latter  is  indicated  schemati- 
cally by  means  of  the  dashed  arrows. 

component  independent  of  angle  like  the  w  =  0  mode  field  in  Fig.  23. 
Further,  it  is  seen  in  Fig.  28  that  at  any  instant  there  are  currents  flowing 
across  the  faces  of  the  anode  segments  which  are  all  in  the  same  direction 
around  the  anode.  With  this  net  circumferential  current  is  associated  the 
unidirectional  RF  magnetic  field  component  parallel  to  the  axis  shown 
also  in  Fig.  23. 

The  amount  by  which  the  two  sets  of  mode  frequencies  of  the  "rising 
sun"  structure  are  separated  increases  with  increasing  ratio  of  resonator 
sizes.  Corresponding  to  this,  the  amount  of  ;i  =  0  like  component  in  the 
interaction  field  increases. 

The  presence  of  the  component  independent  of  angle  in  the  interaction 


232  BELL  SYSTEM  TECHNICAL  JOURNAL 

field  is  thus  an  inherent  characteristic  of  the  "rising  sun"  resonator  system. 
One  is  faced  with  the  problem  of  designing  for  sufficient  mode  separation 
without  unduly  increasing  this  component.  How  the  presence  of  this  com- 
ponent in  the  interaction  field  perturbs  the  electronic  interaction  with  the 
TT  mode,  resulting  in  a  performance  characteristic  like  that  of  Fig.  20,  has 
already  been  discussed. 

8.    Output  Circuit  and  Load 

8.1  Output  Circuit:  In  the  general  physical  description  of  the  centimeter 
wave  magnetron  whose  constituent  parts  are  shown  in  Fig.  1  there  remains 
the  discussion  of  the  output  circuit.  The  output  circuit  is  the  means  of 
coupling  the  fields  of  the  magnetron  resonator  to  the  load  and  as  such  it 
must  contrive  to  induce  a  voltage  across  a  coaxial  line  or  a  waveguide  to 
which  the  load  circuit  is  connected.  Several  types  of  coupling  are  involved 
in  magnetron  construction.  These  are  illustrated  schematically  in  Fig.  29. 
Here  the  resonator  of  the  magnetron  is  represented  by  a  simple  L— C  cir- 
cuit and  any  transformer  action  of  the  output  circuit  between  the  resonator 
and  the  load  is  to  be  accounted  for  by  the  unspecified  network  T.  The 
scheme  of  Fig.  29  (a)  involves  magnetic  coupling,  that  of  (b),  electrostatic 
coupling,  those  of  (c)  and  (d),  two  forms  of  direct  coupling. 

Type  (a),  it  is  clear,  corresponds  to  the  output  coupling  accomplished 
by  a  loop,  like  that  shown  in  Fig.  1,  feeding  a  coaxial  line.  The  loop  may 
be  placed  inside  the  cavity  as  in  Fig.  1,  may  be  placed  above  the  resonator 
in  the  end  space  as  in  the  case  of  the  so-called  "halo"  loop,  or  may  be  placed 
with  its  plane  parallel  to  the  axis  of  the  anode  between  the  resonators  in 
the  end  space.  In  each  case  the  coupling  is  eflfected  mainly  by  linking  of 
magnetic  lines  of  force  by  the  loop.  The  coupHng  is  not  entirely  magnetic, 
however.  There  is  electrostatic  induction  in  the  loop  by  the  anode  seg- 
ments near  it,  corresponding  to  coupling  of  type  (b)  of  Fig.  29,  and  in  the 
case  of  the  third  possible  placement  of  the  loop  listed  above,  there  is  in- 
volved some  direct  coupling  of  the  type  (c)  of  Fig.  29  since  the  loop  is  termi- 
nated on  an  anode  segment  on  which  there  is  RF  potential. 

In  most  cases  the  coaxial  line  must  expand  in  dimensions  from  the  loop 
extremity,  pass  through  the  vacuum  envelope,  and  be  provided  with  a 
means  of  coupling  to  the  coaxial  load  line  of  the  system  in  which  the  mag- 
netron is  used.  The  output  circuit  from  the  loop  to  the  smooth  fine  of  the 
system  must  provide  the  transformer  action  necessary  to  load  the  loop  by 
an  admittance  which  gives  the  desired  Q  [see  equation  (23)].  What  this 
admittance  must  be  is  dependent,  to  be  sure,  on  the  size  and  position  of 
the  loop,  that  is,  upon  the  degree  to  which  it  couples  the  magnetic  lines  in 
the  resonator.     Generally,  the  attempt  is  made  to  build  the  transformer 
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into  the  magnetron,  preferably  inside  the  vacuum  envelope  where  any  large 
standing  waves  present  are  less  likely  to  cause  RF  voltage  breakdown. 


(a) 
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:C         L< 


"X 


J7 
J" 


T      I         LOAD 

I       
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(b) 
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LOAD 
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T     I       LOAD 
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Fig.  29.  — Schematic  circuit  diagrams  representing  four  types  of  output  couplings 
Type  (a)  is  magnetic  coupling,  {b),  electrostatic,  (c)  and  {d),  two  forms  of  direct  coupling. 
The  unspecified  network  T  represents  the  output  circuit  between  the  points  where  it  couples 
to  the  resonator  sj'stem  and  the  load. 


UNIFORM   OUTPUT  WAVEGUIDE  . 
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Fig.  30. — An  example  of  a  type  of  waveguide  output  circuit.  It  is  representative  of  the 
type  of  coupling  of  Fig.  29  {d).  Other  types  of  resonator  systems  may  be  used  (compare 
Fig.  26),  and  the  transforming  section,  for  example,  may  be  of  dumbbell-shaped  cross 
section  rather  than  of  rectangular  cross  section  as  shown. 

The  type  of  magnetron  output  circuit  represented  schematically  by  Fig.  29 
(d)  is  the  so-called  waveguide  output.  Here  one  of  the  resonators  is  broken 
into  by  means  of  a  sUt  as  shown  in  Fig.  30.  Attached  to  this  slit  is  a  trans- 
forming section  which  feeds  directly  into  the  load  waveguide.     The  im- 
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pedance,  R,  at  the  resonator  presented  by  the  output  circuit  must  be  small. 
The  characteristic  impedance,  Zo ,  of  the  waveguide  is  large.  The  trans- 
former usually  consists  of  a  quarter  wavelength  section  of  characteristic 
mpedance  equal  to  the  geometric  mean  of  R  and  Zo ,  \^RZo  ■  The  vacuum 
seal  is  made  by  a  dielectric  window  in  the  waveguide.  The  quarter  wave 
transformer  section  may  be  a  parallel  plate  transmission  line  cut  in  the 
resonator  block  or  may  be  a  waveguide  line  of  rectangular  or  dumb-bell 
shaped  cross  section.  Here  again,  the  specific  amount  of  its  transformer 
action  must  be  adjusted,  usually  by  variation  of  the  small  dimension,  until 
it  provides  the  proper  value  of  (Jext . 

Another  type  of  output  circuit  involves  coupling  a  coaxial  line  directly 
onto  the  straps.  This  represents  practically  a  pure  case  of  the  type  of 
coupling  shown  in  Fig.  29  (c). 

8.2  Load:  The  load  admittance  which  the  output  line  presents  to  the 
output  circuit  of  the  magnetron  oscillator  depends  upon  the  characteristic 
admittance,  Fo ,  of  the  hne  and  upon  the  manner  in  which  the  line  is  termi- 
nated. In  discussing  the  single  resonator  of  the  magnetron  resonator  sys- 
tem as  a  section  of  lossless  transmission  line  terminated  by  a  short  circuit, 
the  input  admittance  and  its  relation  to  the  standing  waves  on  the  line  were 
mentioned.  Since  the  termination  reflects  all  the  energy  incident  upon  it 
in  the  shorted  line,  the  voltage  standing  wave  ratio,  a,  defined  as  the  ratio 
of  the  maximum  voltage  to  the  minimum  voltage  along  the  line,  is  infinite. 
The  input  admittance  of  a  shorted  section  of  length  f  has  been  given  in 
equation  (26). 

In  the  general  case  in  which  the  line  is  terminated  by  an  admittance,  Yt  , 
not  all  the  energy  incident  upon  the  termination  is  reflected,  the  standing 
wave,  whose  position  is  determinated  by  the  phase  of  Yt  ,  has  a  finite  value 
of  cr  greater  than  unity,  and  the  input  admittance  is  given  by  the  expression 

Yt  +  jYo  tan  ?^ 

F=Fo fj.  (29) 

Fo  +7^7- tan  — 

If  the  voltage  reflection  coefficient,  r,  is  defined  as  the  ratio  of  the  complex 
voltage  amplitudes  of  the  reflected  and  incident  waves,  Ar  and  Aj , 

j<t>  Ar 

the  standing  wave  ratio  may  be  written 

^    \Ai\+\Ar\    ^    1   +   P 
"         \Ar[\-\AR\         1-p' 


I 


MAGNETRON  AS  GENERATOR  OF  CENTIMETER  WAVES  235 

and  the  input  admittance,  Y,  expressed  as 

1  -  r 


Y  =  Yo 


1  +  r 


Conversely: 


p  =  ,«  =  ;_^;,>  =  L^«.  (30) 


If  the  line  is  matched,  that  is,  terminated  in  its  characteristic  admittance, 
Yt  =  Y(, ,  it  is  clear  that  the  input  admittance,  Y,  is  equal  to  Yo ,  the 
voltage  reflection  coefiicient,  r,  is  zero  and  the  voltage  standing  wave  ratio, 
0",  is  unity. 

These  concepts  are  recalled  here  because  they  are  used  in  specifying  the 
magnetron  load.  The  remaining  point  of  interest  with  respect  to  ad- 
mittance relationships  on  transmission  lines  is  the  transformation  of  ad- 
mittance which  occurs  in  going  through  a  line  of  variable  characteristics 
such  as  the  output  circuit  of  the  magnetron.  Such  a  section  of  nonuniform 
line  may  in  general  be  considered  as  a  lossless  transducer,  the  admittance 
transformation  through  which  is  expressed  as  a  bilinear  form.  In  terms  of 
the  reflection  coefiicient  ^2  looking  into  the  load  at  the  output  terminals  of 
the  transducer,  the  reflection  coefiicient  ri ,  looking  into  the  transducer  at 
its  input  terminals  may  be  written  thus: 

ri  =  e  ^"12 ^ — 5—  .  (31) 

In  this  expression  the  number  /3i2  and  the  angles  cxi2  and  0:21  are  the  three 
parameters  completely  describing  the  transducer,  which  for  lossless  trans- 
ducers are  real  numbers. 

9.    Equivalent  Circuit  Theory 

9.1  The  Equivalent  Circuit:  From  time  to  time  in  the  discussion  thus 
far,  reference  has  been  made  to  a  lumped  constant  circuit  or  circuits 
which  may  be  considered  to  be  equivalent  to  the  resonator  system,  output 
circuit,  and  load  of  the  magnetron  oscillator.  One  is  now  in  a  position  to 
appreciate  the  justification  for  the  use  of  such  a  simple,  singly  resonant 
circuit  to  represent  as  complex  a  device  as  the  magnetron.  As  has  been 
pointed  out,  this  justification  lies  in  the  abiUty  to  separate  the  mode  fre- 
quencies and  to  diminish  sufficiently  well,  excitation  of  all  modes  except  the 
TT  mode.  Further,  in  the  discussion  of  the  equivalent  circuit  shown  in 
Fig.  2,  it  was  pointed  out  how  the  output  circuit  and  the  electronics  may 
be  treated  by  circuit  analysis.     This  particular  equivalent  circuit  will  now 
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be  discussed  in  some  detail.  From  an  analysis  of  this  circuit  it  will  be  ex- 
plained how  the  power  which  the  magnetron  delivers  and  the  frequency  at 
which  it  oscillates  depend  upon  the  load  attached  to  it. 

Consider  now  the  equivalent  circuit  shown  in  Fig.  2,  or  as  repeated  in 
Fig.  31  (a).  Since  the  N  cavities  of  which  the  magnetron  resonator  system 
is  composed  are  essentially  in  parallel  for  the  tt  mode,  the  C  of  the  equivalent 

.    1     . 
circuit  is  N  times  the  capacitance  and  the  -^  is  ^  times  the  inductance  of  a 

single  cavity.    Ge  is  the  shunt  conductance  representing  the  series  resistance 

M 
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•TRANSFORMER 


1       w 

1  f  "2^ 

c 

^"^--oj 

Zl 

D 

(b) 


— — o— 

A 

B 

— — o— 

C  = 

=    J 

Ye 

Yi: 

(c) 


Fig.  31. — A  diagram  showing  an  equivalent  RF  circuit  for  the  magnetron  oscillator,  (a), 
and  how  this  circuit  may  be  reduced  in  two  steps,  {b)  and  (c),  to  a  simpler  form. 


in  the  copper  walls  of  the  resonator  system,  Lo ,  the  inductance  of  the  out- 
put loop  which  is  coupled  by  the  mutual  inductance,  M,  to  the  lumped  in- 
ductance of  the  equivalent  resonating  circuit.  Z^  represents  the  impedance 
of  the  load  at  the  loop  terminals.  Thus  it  represents  the  load  impedance 
to  which' the  magnetron  is  attached,  transformed  through  the  output  circuit 
to  the  loop  terminals. 

The  first  step  in  understanding  the  circuit  of  Fig.  31  (a)  is  to  reduce  it  to 
a  simpler  form.  This  is  done  in  two  steps  as  shown  in  Fig.  31.  The  induc- 
tances L  and  Lo ,  with  mutual  inductance  M  between  them,  form  a  trans- 
former through  which  the  impedances  in  the  secondary  circuit,  jcoLo  and 
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Zl  ,  are  reflected  into  the  primary  circuit.  It  may  be  shown^'  that  the 
circuit  of  Fig.  31  (b)  is  the  equivalent  of  that  of  Fig.  31  (a).  The  coupUng 
into  the  primary  circuit  is  represented  by  an  ideal  transformer  connected 
across  the  primary  inductance  L  to  the  secondary  winding  of  which  are 
connected  the  load  impedance  Zl  and  a  reduced  loop  reactance 


Xo  =  jcoLf 


L 


LLo) 


The  ideal  transformer  effects  a  voltage  transformation  of  — -  :  1  or  an  ad- 

M 


(?) 


mittance  transformation  of  (  —  1  : 1    from  its  secondary  to  its  primary 

terminals.     Thus,  the  admittance,  Yl  ,  presented  at  the  primar>'  terminals 
of  the  ideal  transformer,  is 

(32) 


=ey--(?j<<^''+^--' 


in  terms  of  the  admittance  Fl  at  the  secondary  terminals. 

The  equivalent  circuit  has  now  been  reduced  to  that  of  Fig.  31  (c)  used 
earlier  in  the  discussion  of  a  single  resonator  of  the  magnetron  resonator 
system.  Each  of  the  quantities  defined  or  derived  for  this  circuit  are  now 
to  be  applied  to  the  magnetron  resonator  system  as  a  whole.  These  include 
the  characteristic  admittance  of  the  resonator,  Fo ,  the  unloaded,  loaded, 
and  external  Qs  given  by  the  relations  (21),  (22)  and  (23),  and  the  circuit 
efficiency,  tjc  ,  of  equation  (25). 

Looking  to  the  left  at  the  terminals  AB  into  the  electron  stream  one  sees 
the  electronic  admittance  Ye  =  Ge-\-jBe.  This  is  defined  in  terms  of  the  cur- 
rent, Irp  ,  induced  in  the  anode  segments  by  the  electrons  moving  in  the 
interaction  space,  and  the  RF  voltage,  Vrf  ,  appearing  across  the  resonators, 
that  is,  across  the  terminals  AB  of  Fig.  31  (c).  Looking  into  the  circuit 
at  the  terminals  AB  one  sees  the  admittance  F, . 

This  admittance  by  equations  (19)  and  (32)  is 

F.  =  G.+y2Fo.'^^^^''+Fl' 

OJo 


(■^)(Gl+iBl). 


"  See  Guillemin,  Communications  Networks,  Vol.  II,  p.  154. 


(35) 
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The  condition  for  oscillation  stated  earlier  requires  that: 

Y,-[-Y,  =  0, 
or: 

G,  +  jB.  +  a  +  i2Fo.  '^^^  +  (f  J  (Gl  +  jB',)  =  0.        (34) 

Separating  real  and  imaginary  parts,  this  reduces  to  the  pair  of  equations: 

a  +  G,  =  0,         or.         Ge  +  a  +  {^  Gl  =  0, 

B.  +  B.^  0,         or,         B.  +  27,.'^-^  +  (f  J^l  =  0. 

Since  (  — )  G'l  is  equal  to  G'/,  one  may  write  the  first  of  equations  {3S)  in 
terms  of  the  Qs  defined  by  (21),  (22),  (23)  and  (24)  thus: 

-G.  =  G.=  F..(i-  +  i-}=y^l.  (36) 

9.2  The  Rieke  Diagram:  The  electronic  conductance  and  susceptance, 
being  functions  of  the  parameters  such  as  Vrf  ,  V,  and  B  which  govern 
the  electronic  behavior  of  the  magnetron,  are  not  known  a  priori  except  for 
the  fact  that  they  are  undoubtedly  slowly  varying  functions  of  frequency. 
The  circuit  conductance  and  susceptance  are  given  by  equation  (33) .  Equa- 
tions (35)  state  that  the  circuit  conductance  and  susceptance  must  be  the 
ftegative  of  the  electronic  conductance  and  susceptance  respectively.  It  is 
from  these  relations  that  the  behavior  of  the  oscillator  under  changes  of 
load  is  to  be  inferred. 

Suppose  now  that  one  were  to  vary  the  load  in  such  a  way  that  only  Bl 
changes,  G'l  remaining  constant.  Then,  by  the  first  of  equations  (35),  Gs 
and  hence  Ge  would  not  change.  If,  further,  the  frequency  of  oscillation 
changes  such  that 

2F.,  ^  +  (^y  ABl  =  0,  (37) 

COO  \  ^  / 

by  equations  (35)  Bs  and  hence  Be  remain  constant  as  well  and  the  electronic 
operation  of  the  magnetron  involving  the  RF  voltage,  Vrf  ,  is  undisturbed. 
Since  the  power  delivered  by  the  magnetron  is 

P  =  -GeVlF  =  G^VIf  ,  (38) 

contours  of  constant  G'l  on  a  plot  of  performance  versus  load.  Fig.  32  (a), 
are  thus  contours  of  constant  output  power.     Along  any  such  constant 
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power  contour  the  frequency  of  the  magnetron  varies  linearly  with  Bi^  as 
equation  (37)  indicates.  Hence  any  constant  frequency  contour  on  the 
diagram  is  obtainable  from  a  neighboring  contour  of  different  frequency 
through  translation  in  the  direction  oi  Bt  by  an  amount  given  by  equation 
(37).  The  form  of  the  contours  of  constant  frequency  depends  upon  the 
interdependence  of  the  electronic  parameters  Ge  and  Be .  The  fundamental 
electronic  performance  as  a  function  of  load  is  specified  by  the  conductance 
Gs  presented  to  the  electrons  at  the  anode  slots,  changes  in  load  susceptance 
being  compensated  for  by  frequency  changes  and  hence  susceptance  changes 
in  the  resonator.  As  Gl  is  varied  Gg ,  Ge ,  and  the  output  power  must 
vary  as  well.  If  Be  is  independent  of  these  changes  the  constant  frequency 
contours  will  correspond  to  lines  of  constant  Bl  .  Actually  it  is  found  that 
Be  does  depend  to  some  extent  on  Ge ,  resulting  in  the  constant  frequency 
contours  on  the  Gl  —  Bl  plot  being  approximately  straight  lines  inclined  to 
the  constant  Bl  lines  at  a  small  angle  a  as  shown  in  Fig.  32  (a). 

If  the  Gl  —  Bl  plane  is  transformed  to  the  reflection  coefficient  or  r  plane 
on  which  the  load  characteristic  is  usually  plotted,  contours  of  constant 
Gl  or  power  become  circles  tangent  to  the  circle  p  =  1  at  the  same  point. 
Constant  Bl  contours  form  the  set  of  circles  orthogonal  to  these.  The 
contour  of  constant  frequency  of  Fig.  32  (a)  transforms  to  a  circle  which 
intersects  all  the  contours  of  constant  power  at  the  angle  a. 

Fig.  32  (b)  is  thus  the  form  of  the  characteristic  depicting  the  dependence 
of  magnetron  performance  on  load,  called  the  Rieke  diagram,  plotted  for 
that  point  in  the  equivalent  circuit  where  the  admittance  looking  out  into 
the  load  is  Y l  =  Gl  -\-  JBl  .  Between  this  point  and  a  point  in  the  smooth 
output  line,  with  respect  to  which  the  load  admittance  is  usually  measured, 
there  is  the  series  reactance  Xo  and  the  output  circuit  of  the  magnetron, 
forming  a  transducer  through  which  the  reflection  coefi&cient  defining  the 
load  admittance  may  be  transformed  by  the  expression  (31).  In  under- 
going such  a  transformation  the  contours  of  constant  power  and  frequency 
plotted  on  the  r  plane  retain  their  general  form  although  they  may  be  ro- 
tated and  expanded  or  contracted.  Thus  the  general  form  of  the  Rieke 
diagram  shown  in  Fig.  32  (b)  should  be  the  same  as  that  experimentally 
determined  and  plotted  on  a  reflection  coefiicient  plane  for  a  point  in  the 
output  line.  Fig.  33  is  such  a  Rieke  diagram  and  its  resemblance  to  that 
of  Fig.  32  (b)  is  apparent. 

9.3  Magnetron  Circuit  Parameters:  The  fact  that  the  circuit  theory  of 
the  magnetron  based  on  the  simple  equivalent  circuit  of  Fig.  31  (a)  explains 
the  nature  of  the  Rieke  diagram  so  well  is  ample  justification  for  its  use. 
The  parameters  which  specify  the  equivalent  magnetron  circuit  may  be 


240 


BELL  SYSTEM  TECHNICAL  JOURNAL 


g  rt  =^  § 

a  ^  *j  ts 
t;  °  o  rt 

"III" 

o  g  ««  o 

.2  aS  a 

J3  «;_«  c 
^S-o  o  -" 

<u  tj  ^  o 

"S  cd  i-i  O-o* 
C   rt   u   g  r/< 

S-c  !^  o  £f 
e.  o  OhSe 
u-t:)  c    .'^ 

I  o^a  a 

J2  D.  C     ,  rt 
fl       .2 

„,    O    <^    D 

C  D  CS  ^  Pj 
w    ^    _,    O   .4»j 

o  g-ja  c 
cii  &.2  a 

^  ti--^  3  5. 
a  *J  r-  bo  « 

*r^  §)  tn  9  « 

1)    C     (J 

C    I-    >-;    (D  ja 

^  o"^  o  a 

^  ;rj  v«  ^  lU 
bO    •.S'3  <n 

.a'e'i;  >.'r 

00   rt   rt  ^  t- 

i-i  x_  „,  t«  U 
rt   O   Ji   1J   ^ 

o  ^  r  -  ° 


a 

^  in  ti  a  <^ 
'^  %  2  3-^ 


MAGNETRON  AS  GENERATOR  OF  CENTIMETER  WAVES 


241 


determined  as  a  function  of  frequency  by  a  measurement  of  the  impedance 
Zc  looking  into  a  non-oscillating  magnetron  through  its  output  circuit  and 
an  independent  measurement  or  calculation  of  one  of  the  parameters  such 
as  C  or  Foc .  The  impedance  Zc  in  terms  of  the  equivalent  circuit  is  the 
impedance  across  the  terminals  CD  in  Fig.  31  (a)  looking  to  the  left  with 


CONTOURS  OF  CONSTANT  POWER  OUTPUT 


-■ CONTOURS  OF  CONSTANT  FREQUENCY 

Fig.  33.— A  typical  experimental  Rieke  diagram  for  magnetrons  in  the  centimeter 
wavelength  range.  The  p  =  0.2  circle  indicates  a  pulling  figure  of  0.02  /„  mc/s  for  this 
example.  Present  practice  is  to  couple  long  wavelength  magnetrons  more  tightly  to  the 
load  and  short  wavelength  magnetrons  less  tightly  to  the  load  than  this.  The  rotation  of 
the  diagram  from  the  position  of  the  contours  of  chart  {b)  of  Fig.  32  is  attributable  to  the 
transformer  action  between  the  terminals  of  the  ideal  transformer  of  the  circuit  of  Fig.  31 
{b)  and  the  point  in  the  output  line  to  which  the  exijerimental  diagram  is  referred. 


the  termmals  AB  open  circuited.     From  the  circuit  of  Fig.  31  (b)  this  is 
seen  to  be 


^.--(-£)H0 


1 


Gc+i2Fo 


fa)0 


(39) 
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which,  using  equation  (21),  becomes 


Zc  =  jXo  +  I  -r 


\lJ    Foe 


1 


1      ,     .^  w  —  coo 

^  +72  

Mo  Wo     . 


=  Rc+  JXc 


(40) 


The  experimental  data  may  be  given  in  terms  of  the  values  of  Re  and  Xc 
plotted  as  functions  of  u  as  shown  in  Fig.  34.     The  value  of  Xq  is  deter- 


o 


Fig.  34. — A  plot  of  the  resistive  and  reactive  components  of  the  impedance  Zc  —  Re  + 
jXc,  looking  into  a  non-oscillating  magnetron  through  its  output  circuit  [terminals  CD  of 
Fig.  31  (a)].  Note  the  symmetry  of  the  reactance  about  the  point  (oio  ,  Xo)  determining 
the  value  of  Xo  ,  the  loop  reactance. 

mined  by  the  fact  that  the  reactance  cur\'e  is  antisymmetric  about  the 
point  (A'o ,  Wo).  When  .Yo  has  been  determined  one  may  determine  the  ad- 
mittance,  r77  ,  at  the  terminals  of  the  ideal  transformer  of  Fig.  31  (b). 

In  terms  of  the  circuit  parameters  this  admittance  is 


1 
Zc  —  jXo 


(^)Svo.+i2r.(0"^ 


Wo 


Wo 


(41) 
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The  conductance  term,  I  —  )  YocQo ,  is  independent  of  frequency  and  the 


2 


susceptance    term,    2Foc(  j-^  )    varies  hnearly  with  frequency.     If 


Wo 


these  quantities  are  plotted  from  experimental  data  as  functions  of  co,  the 


'if.) 


values  of  ^0  and!  v>  )  Foc  may  be  determined.    To  determine  the  individual 


ii) 


values  of  the  factors  in  I    —  j  Yoc  for  a  given  magnetron,  it  is  necessary  to 

/C  1 

calculate  or  somehow  to  measure  a  value  for  Foc  =    /</ t  =  ^oC  = 


L  ojqL 

When  used  with  wo  this  yields  values  for  L,  C,  and  M.  How  this  is  done 
will  not  be  explicitly  discussed  here.  From  the  values  of  Qo  and  Yoc , 
values  oi  Ql  ,  Qe^t ,  and  rjc  may  be  calculated  for  any  magnetron  load  Gl  by 
the  relations  (21),  (22),  (23),  and  (25).  There  are  other  methods  of  ex- 
tracting the  Q  values  from  the  experimental  data  than  that  presented  above. 
When  values  of  the  circuit  parameters  are  available  one  can  calculate  the 
values  of  Gg  and  Bs  from  which  Ge  and  Be  are  obtained.  From  the  output 
power  the  RF  voltage  is  then  calculable  by  equation  (38),  and  from  this 
and  the  electronic  admittance  the  in-phase  and  quadrature  components  of 
the  RF  current  may  be  obtained.  Using  the  circuit  efl&ciency,  rjc ,  now  de- 
termined as  a  function  of  load,  one  can  obtain  the  dependence  of  the  elec- 
tronic efl&ciency,  Tje ,  as  a  function  of  load  conductance  from  experimental 
values  of  the  over-all  efl&ciency,  tj,  measured  along  a  constant  frequency 
contour  of  a  Rieke  diagram  (rj  =  rjeVc)-  The  plot  of  Fig.  19  was  ob- 
tained in  this  way.  One  is  now  in  possession  of  values  for  each  of  the  param- 
eters upon  which  the  electronics  of  the  magnetron  depends  and  may 
study  the  relations  between  them. 

9.4  Pulling  Figure:  The  Rieke  diagram  completely  specifies  the 
dependence  upon  load  of  the  magnetron  output  power  and  frequency  of  opera- 
tion. Nevertheless,  it  is  convenient  to  be  able  to  specify  by  a  single  para- 
meter the  dependence  of  operating  frequency  on  load  changes.  The  pre- 
ceding discussion  has  shown  that  the  changes  in  load  conductance  reflected 
into  the  resonant  circuit  of  the  magnetron,  that  is,  specified  at  either  the 
primary-  or  secondary  terminals  of  the  ideal  transformer  of  Fig.  31  (b),  vary 
output  power  only.  Further,  if  Ge  and  Be  are  unrelated,  load  susceptance 
changes  specified  at  the  same  points  vary  frequency  only.  Since  6%  and 
Bg  are  in  fact  related,  constant  frequency  contours  on  the  Gl  —  Bl  plane, 
as  has  been  seen,  are  inclined  to  constant  Bl  lines  at  the  angle  a.  Thus 
changes  in  Bl  are  more  eflfective  by  the  factor  1/cos  a  in  afifecting  frequency 
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Ao) 


than  equation  (37)  would  indicate.    The  quantity  calculated  for  —ttf  from 

equation  (37)  multiplied  by  the  factor  1/cos  a  is  a  parameter  which  specifies 
the  dependence  of  frequency  on  load.  It  may  be  specified  at  any  value 
of  load  admittance  Y  ^  ,  that  is,  for  any  position  on  the  r  plane.  Generally, 
however,  one  considers  the  rate  of  change  of  frequency  with  susceptance 
at  matched  load,  for  which  F^,  is  equal  to  the  characteristic  admittance  Yo 
of  the  output  line  at  the  point  in  question.  Using  the  parentheses  (  )o  to 
indicate  that  the  quantity  enclosed  is  measured  at  the  match  point  and  in- 
corporating the  factor  1/cos  a,  one  obtains  from  (37): 

/  Acq  \     ^   IfMVo^J^  ,.. 

\AB[)o        2\lJ   Yoccosa'  ^    ^ 


The  quantity  ^^,  I 


as  it  stands  is  not  a  convenient  one  to  measure. 
For  this  reason  it  is  customary  to  specify  the  total  excursion  of  frequency, 
A/  =  — - ,  resulting  from  a  standard  variation  in  ABl  ,  namely,  that  obtained 

ZTT 

by  the  total  possible  phase  variation  of  a  standing  wave  of  1.5  voltage  ratio 
in  the  line  at  the  point  in  question.  This  is  equivalent  to  traversing  the 
p  =  0.2  circle  on  the  reflection  coefficient  plane,  shown  on  Fig.  33.  It  can 
be  shown  that  such  a  variation  of  load  admittance  results  in  a  variation  of 
susceptance  of  ±  0.41  times  the  characteristic  admittance  of  the  line,  Yo , 
corresponding  to  a  total  susceptance  variation  of  0.82  Yo  .  When  deter- 
mined in  this  way  the  total  frequency  excursion  is  called  the  pulling  figure, 
PF.     Hence  by  equation  (42) 


(?) 


.82  Fo      1 


Foc    cos  a 

2 


=  0.41  /o 


(43) 


cos  a 


Since  Fo  =  (Gl)o,  the  quantity  (  y  j  Fo  in  this  expression  is  recognized  as 

(Gl)o  ,  the  load  admittance  at  the  primary  terminals  of  the  ideal  trans- 
former when  the  line  is  matched  at  the  point  in  question,  namely,  the 
secondary  terminals.  Using  this  fact  and  equation  (23)  the  pulling  figure 
is  seen  to  be: 

Pf  =  0.41/„<).«-L       0_lli2_^.  (44) 

Foc    cos  a        (C/extjo  COS  a 
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Although  this  equation  was  derived  for  a  specific  point  in  the  equivalent 
circuit,  it  is  of  general  vaUdity  at  any  point  in  the  output  circuit  or  load 
line  of  the  magnetron,  provided  the  quantity  (Qext)o  is  properly  interpreted 
as  the  external  Q  measured  at  match  in  the  line  at  the  same  point. 

10.    Special  Topics 

10.1  Frequency  Stabilization:  The  degree  of  stability  of  the  operating 
frequency  of  the  magnetron  to  load  changes  is  specified  by  the  external  Q,  as 
equation  (44)  mdicates.  The  external  Q,  by  equation  (23),  may  be  mcreased 
either  by  decreasing  the  load  conductance,  G[  ,  or  by  increasing  the  circuit 
characteristic  admittance,  I'oc-  The  first  alternative  may  be  accomphshed 
by  reduction  of  the  coupling  between  the  load  and  magnetron  resonator  sys- 
tem. Although  this  results  in  greater  frequency  stability,  it  entails  a  reduc- 
tion in  output  power.  Increase  of  the  characteristic  admittance  of  the 
magnetron  resonator  system,  on  the  other  hand,  increases  the  energy  storage 
capacity  as  indicated  by  equation  (20)  without  appreciably  changing  the 
output  power.  Frequency  stabihty  may  be  increased  in  this  way  either  by 
redesign  of  the  magnetron  resonator  system  or  by  coupling  to  it  a  tuned 
cavity  of  high  unloaded  Q.  In  the  latter  case,  the  degree  of  stabilization, 
defined  as  the  ratio  of  energy  stored  in  the  combination  of  magnetron  reso- 
nator system  and  stabilizing  cavity  to  the  energy  stored  in  the  magnetron 
resonator  system  alone,  is  the  factor  by  which  the  external  Q  is  increased  and 
the  pulling  figure  decreased.  In  actual  practice  the  stabilizing  cavity  may 
be  coupled  into  one  of  the  magnetron  resonator  cavities  or  may  be  built  into 
the  output  circuit. 

10.2  Frequency  Sensitive  Loads:  In  the  preceding  sections  it  has  been 
seen  how  the  load  admittance,  among  other  parameters,  determines  the 
frequency  at  which  the  magnetron  oscillates.  If  this  load  admittance  is 
itself  a  function  of  frequency,  it  may  be  possible  for  the  condition  of  oscilla- 
tion to  be  satisfied  at  more  than  one  frequency.  This  fact  makes  for  an 
uncertainty  of  operation,  which  is  to  be  avoided.  Should  the  load  fluctuate 
for  example,  as  it  does  in  many  applications,  the  oscillation  may  jump  dis- 
continuously  from  one  frequency  to  another.  If  the  magnetron  is  pulsed, 
it  may  in  certain  circumstances  oscillate  at  different  frequencies  on  succes- 
sive pulses.  A  tunable  magnetron  operating  into  a  frequency  sensitive  load 
exhibits  periodic  gaps  in  its  tuning  characteristic  in  which  the  magnetron 
cannot  be  made  to  operate. 

The  discussion  here  will  be  limited  to  the  specific  type  of  frequency  sensi- 
tive load  consisting  of  a  long  line  terminated  in  an  admittance,  assumed  to 
be  frequency  insensitive,  which  differs  from  the  characteristic  admittance 
of  the  line.     The  input  admittance  of  such  a  line  is  represented  by  a  reflec- 
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tion  coefficient  of  amplitude,  p,  depending  only  on  the  termination  [see 
equation  (30)],  and  of  phase,  <f),  depending  only  on  the  frequency,/,  and  the 
Hne  length,   f.     Thus: 


from  which 


/ = e.  («) 


This  equation  expresses  the  linear  relation  between  frequency  and  phase  for 
the  load,  specified  by  the  reflection  coefficient,  into  which  the  magnetron 
operates.  The  heavy  dashed  lines  in  Fig.  35  represent  this  relation  for 
two  particular  line  lengths,  A  and  4  ,  with  4  very  much  longer  than  A  . 
The  difference  in  line  length,  4  —  A  ,  corresponds  to  an  input  phase  differ- 
ence of  many  times  tt  radians.  For  the  case  in  Fig.  35,  however,  this  is 
chosen  as  an  integral  multiple  of  t  so  that  the  curve,  plotted  for  the  funda- 
mental period  0  to  r,  will  lie  in  the  same  range. 

The  variation  of  operating  frequency  of  the  magnetron  with  variable 
phase  of  the  load  reflection  coefficient  is  a  periodic  function  whose  amplitude 
increases  with  increasing  amplitude,  p,  of  the  reflection  coefficient.  This 
function  may  be  determined  graphically  from  a  Rieke  diagram  of  the  mag- 
netron, like  that  shown  in  Fig.  33,  by  traversing  the  appropriate  circle 
concentric  with  the  center  of  the  diagram  and  plotting  the  frequency  of 
operation  against  phase.  In  Fig.  35  are  plotted  such  curves  for  two  values 
of  p  corresponding  to  different  terminations  at  the  end  of  the  long  line, 

A  more  detailed  analysis  of  the  condition  of  oscillation  shows  that  it  is 
possible  for  the  magnetron  to  oscillate  stably  at  those  intersections  of  the 
magnetron  and  load  frequency  characteristics  at  which  the  slope  of  the  load 
line  is  greater  than  the  slope  of  the  magnetron  characteristic.  Thus,  as 
indicated  in  Fig.  35,  oscillation  may  occur  at  only  one  frequency  for  the 
line  of  length  A  if  P  =  0.2  but  at  two  frequencies  if  p  =  0.5.  In  the  latter 
case  the  middle  intersection,  indicated  by  an  open  circle,  does  not  corre- 
spond to  stable  oscillation.  For  a  line  of  length  A  ,  on  the  other  hand,  two 
oscillation  frequencies  are  possible  at  both  p  =  0.2  and  p  =  0.5.  If  in 
either  case  the  line  lengths  A  and  A  are  increased  by  only  an  approximate 
quarter  wavelength,  corresponding  to  a  phase  change  of  7r/2  radians,  the 
light  dashed  lines  labelled  ([  and  fi  in  Fig.  35  represent  the  load  character- 
istics, and  oscillation  can  occur  at  only  one  frequency  with  p  equal  either 
to  0.2  or  0.5. 

If  one  considers  the  relationships  depicted  in  Fig.  35  it  becomes  clear  that 
there  are  two  critical  relationships  between  p  and  f.     The  first  specifies  the 
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values  of  p  and  (  which  if  exceeded  makes  oscillation  possible  at  more  than 
one  frequency  at  all  phases  of  the  load  reflection  coefficient.  The  second 
specifies  the  values  of  p  and  (  which  must  not  be  exceeded  if  oscillation  is 
to  be  possible  at  only  one  frequency  for  all  phases  of  the  load  reflection  co- 
efficient. This  latter  relation  between  p  and  t  is  that  for  which  the  slope 
of  the  load  line  is  equal  to  the  slope  of  the  magnetron  characteristic  at  its 
point  of  inflection. 

From  what  has  been  said  it  would  appear  that  the  use  of  long  load  lines 
is  to  be  avoided  if  at  all  possible.     If  the  magnetron  is  pulsed  and  the  line 
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Fig.  35. — Plots  of  the  frequency  characteristics  of  a  magnetron  and  a  frequency  sen- 
sitive load  for  two  magnitudes  of  reflection  coefficient,  p,  and  two  line  lengths,  (.  The 
ordinates  are  frequency  and  the  abscissas  are  phase  angle  of  the  reflection  coefficient  in  the 
fundamental  period  0  to  tt  radians.  Stable  oscillation  occurs  at  the  intersections  indicated 
by  hlled  circles.  The  open  circle  indicates  a  point  of  unstable  operation  for  the  three 
conditions  p  =  0.5  and  ^  =  A  ,  p  =  0.5  and  t  =  (2 ,  and  p  =  0.2  and  (  —  fn,  In  addition, 
it  indicates  a  point  of  stable  operation  forp  =  0.2  and  (  =  (-i.  These  four  points  are  coa- 
lesced on  the  figure  for  simplicity.  The  lines  A'  and  h'  indicate  how  stable  operation  at 
both  p  =  0.2  and  0.5  may  be  attained  by  an  increase  of  Une  length  of  approximately  a 
quarter  wavelength. 

is  sufficiently  long,  however,  it  is  possible  for  the  oscillation  in  a  pulse  to 
have  been  completed  before  any  energ}'  reflected  from  the  termination  has 
arrived  back  at  the  magnetron.  '  Under  these  circumstances  the  magnetron 
operates  into  an  effectively  infinite  line  which  presents  its  characteristic 
admittance  to  the  magnetron  output.  For  a  pulse  of  one  microsecond 
duration  this  w^ould  require  a  line  length  of  about  150  meters.  Usually  such 
lengths  are  not  possible  or  are  undesirable  by  virtue  of  attenuation,  and 
either  the  line  is  made  sufficiently  short  or  its  length  critically  adjusted  or 
the  standing  wave  on  it  reduced  so  as  to  cause  operation  to  occur  at  a  single 
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frequency.  Studies  have  been  made  of  the  transient  conditions  prevailing 
near  the  beginning  of  a  pulse  when,  in  establishing  the  steady  state,  the  suc- 
cessive reflections  are  returning  to  the  magnetron  and,  as  a  consequence, 
its  frequency  is  changing.  Except  in  a  limited  region  on  the  Rieke  diagram 
where  operation  is  completely  uncertain,  it  has  been  shown  that  the  magne- 
tron will  settle  down  to  operation  at  one  frequency  dictated  by  the  phase 
of  the  first  reflection,  even  if  oscillation  at  two  frequencies  by  the  previous 
analysis  is  possible.  Gaps  in  the  tuning  curve  of  a  tunable  magnetron 
correspond  to  the  periodic  traversal  of  this  uncertain  region  as  the  frequency 
is  varied  and  the  load  reflection  coefficient  moves  around  a  constant  p  circle 
on  the  Rieke  diagram. 

10.3  Magnetron  Tuning:  To  tune  the  magnetron  oscillator  it  is  necessary 
to  vary  a  susceptance  somewhere  in  its  circuit.  It  has  already  been  ob- 
served how  variation  of  load  admittance  when  reflected  into  the  resonator 
system  as  a  susceptance  change  results  in  frequency  pulling.  Although  for 
other  reasons  this  variation  is  usually  limited  by  output  circuit  design  to 
the  order  of  0.1%  of  the  operating  frequency,  it  could  be  increased  and  used 
in  special  instances  as  a  means  of  tuning  the  magnetron.  Similarly  the 
susceptance  of  a  stabilizing  cavity  coupled  into  the  resonator  system  may 
be  varied  by  tuning  the  cavity.  This  method  in  general  enables  one  to 
tune  over  a  wider  range  than  does  variation  of  load  susceptance  since  the 
resonator  system  is  usually  more  tightly  coupled  to  the  stabilizing  cavity 
than  it  is  to  the  load. 

The  largest  tuning  ranges  have  been  attained,  however,  when  it  has  been 
arranged  to  vary  one  of  the  frequency  determining  parameters  of  the  mag- 
netron resonator  itself.  Schemes  have  been  devised  which  alter  primarily 
either  the  inductance  or  the  capacitance  of  the  resonant  cavities.  \'aria- 
tion  of  the  inductance  has  been  found  more  convenient  at  the  shorter  wave- 
lengths and  variation  of  the  capacitance  easier  at  longer  wavelengths. 

Variation  of  the  inductance  may  be  accomplished  by  the  insertion  of  a 
conducting  pin  into  each  resonator  where  the  RF  magnetic  lines  of  force 
are  concentrated.  In  a  system  of  hole  and  slot  type  resonators  it  is  arranged 
to  move  the  pins  in  and  out  along  or  near  the  axes  of  the  holes.  Such  an 
arrangement  is  shown  schematically  in  Fig.  36  (a).  As  the  pins  are  inserted 
they  reduce  the  volume  available  for  the  magnetic  flux,  thus  reducing  the 
inductance  and  increasing  the  frequency.  Tuning  ranges  as  great  as  ±7% 
of  the  mean  frequency  have  been  attained  by  this  means.  In  spite  of  the 
fact  that  the  ratio  of  strap  to  resonator  capacitance  remams  nearly  con- 
stant, the  separation  of  mode  frequencies,  as  might  be  expected,  decreases 
with  increasing  frequency  because  of  the  increase  in  strap  inductance  re- 
sulting from  increase  of  its  electrical  length.    The  effect  is  not  so  large, 
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however,  that  with  reasonable  tightness  of  strapping  difficult  is  encountered 
with  mode  frequency  separation. 

Variation  of  the  capacitance  may  be  accomplished  by  moving  a  member 
in  the  vicinity  of  the  region  of  large  distributed  capacitance  of  the  reso- 
nators. One  such  tuning  scheme  is  that  shown  in  Fig.  36  (b)  in  which  a 
member  shaped  like  a  "cookie  cutter"  is  moved  in  and  out  of  annular  grooves 
in  one  end  of  the  resonator  block,  the  other  end  of  which  is  usually  strapped. 
As  the  member  is  inserted  the  mode  frequencies  decrease.  The  frequency 
range  available  for  tt  mode  operation  is  limited  by  the  fact  that  the  fre- 


Fig.  36.— Schematic  diagrams  showing  three  types  of  tuning  schemes  which  have  been 
used  in  magnetron  resonator  systems.  The  views  represent  sections  on  a  diametral  plane 
through  the  anode  structure.  The  cathode  is  shown  in  the  center  of  each  part  of  the 
figure.  The  resonators  are  of  the  hole  and  slot  type,  (a)  shows  the  scheme  involving 
variation  of  the  inductance  by  means  of  tuning  pins,  (6),  the  scheme  involving  variation  of 
resonator  capacitance,  and  ic),  that  involving  variation  of  strap  capacitance.  Each  of  the 
last  two  schemes  is  accomplished  with  a  "cookie  cutter"  shaped  member. 


quencies  of  modes  of  smaller  n,  which  are  normally  higher  than  that  of  the 
■K  mode,  change  faster  and  eventually  cross  the  tt  mode  frequency. 

To  understand  what  determines  the  frequency  of  resonance  in  any  mode, 
it  is  sufficient  to  consider  the  inductances  and  capacitances  present  in  the 
average  sector  of  the  resonator  system  across  which  there  is  a  half  wavelength 
azimuthal  variation  of  RF  potential  with  an  extremum  at  either  end.  In 
the  TT  mode  of  an  N  =  8  resonator  system,  one  may  thus  consider  one  eighth 
of  the  system,  namely,  a  single  resonator;  in  the  n  =  \  mode,  one  may  con- 
sider half  of  the  resonator  system.  In  the  case  of  the  half  wavelength 
sector  for  the  n  =  \  mode,  across  which  the  potential  varies  monotonically 
(see  Fig.  23),  the  four  resonators  may  be  considered  as  connected  essen- 


250  BELL  SYSTEM  TECHNICAL  JOURNAL 

tially  in  series,  making  up  an  equivalent  resonator  oscillating  at  the  n  =  1 
mode  frequency.  If  one  considers  further,  for  the  sake  of  argument,  that 
there  is  no  coupling  between  resonators,  all  the  modes  would  have  the  same 
frequency  but  the  net  inductance  and  capacitance  of  the  equivalent  reso- 
nator for  each  mode  of  periodicity  n,  would  be  proportional  to  N/2n  and 
2n/N,  respectively.  Thus  for  the  n  =  \  mode,  the  equivalent  L  is  four 
times  and  the  equivalent  C  is  one  quarter  of  the  respective  values  for  the 
IT  mode.  The  tuner  capacitance  added  to  the  equivalent  resonator  for  the 
w  =  1  mode,  on  the  other  hand,  may  be  considered  to  be  approximately  a 
series-parallel  arrangement  of  capacitances  each  of  which  is  that  between 
the  tuner  and  one  anode  segment,  Ct  '.  the  two  parallel  capacitances  at  the 
positive  anode  segments  connected  in  series  through  the  tuner  ring  with 
the  two  parallel  capacitances  at  the  negative  anode  segments,  the  combina- 
tion having  a  net  capacitance  Ct  ■  For  the  w  mode,  the  net  tuner  capaci- 
tance added  per  half  wavelength  potential  variation  is  made  up  of  two 
capacitances  each  of  magnitude  one  half  of  that  between  the  tuner  and  one 
anode  segment,  connected  in  series  through  the  tuner;  the  net  tuner  capaci- 
tance is  thus  Cr/4. 

By  similar  reasoning  for  any  mode,  one  may  conclude  that  the  added 
tuner  capacitance  per  half  wavelength  sector  increases  as  n  decreases,  while 
the  net  resonator  capacitance  across  which  the  tuner  is  shunted  decreases  as 
n  decreases.  In  this  way  the  increased  effectiveness  of  the  tuner  in  varying 
the  mode  frequencies  of  the  low  periodicity  modes  is  accounted  for.  In 
actuality  the  resonators  in  the  half  wavelength  variation  of  RF  potential  are 
not  in  simple  series  connection  because  of  the  phase  relations  between  them; 
the  approximation  improves  for  smaller  n.  Also  because  of  the  phase  rela- 
tion between  adjacent  resonators,  the  adjacent  tuner  to  segment  capacitances 
are  not  charged  to  the  same  potential  and  so  are  not  actually  in  simple 
parallel  connection.  Furthermore,  the  coupling  between  resonators  is  im- 
portant. These  considerations  modify  the  above  argument  somewhat  but 
do  not  affect  the  conclusions  reached  as  to  the  trend  of  tuning  for  the  differ- 
ent modes.  In  all  the  tuning  schemes  described,  second  order  effects  come 
in  through  change  in  the  electrical  lengths  of  the  straps  and  tuner  as  the 
frequency  is  varied. 

If  one  arranges  to  vary  the  characteristics  of  the  straps  by  means  of  a 
movable  tuning  member  as  in  the  scheme  of  Fig.  36  (c),  considerably  greater 
tuning  ranges  may  be  achieved  than  by  the  means  just  described.  In  this 
instance,  the  straps  are  enlarged  to  channels  of  U-shaped  cross  section, 
in  and  out  of  which  the  tuning  member  of  "cookie  cutter"  shape  is  driven. 
The  effect  of  insertion  of  the  tuning  member  is  to  increase  the  capacitance 
per  unit  length  of  the  strap  system  by  increasing  the  interstrap  capacitance 
and  to  decrease  the  inductance  per  unit  length  by  effectively  increasing  the 
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cross  sectional  area  of  the  straps.  The  effects  of  these  changes  upon  the 
mode  frequencies  may  be  seen  from  the  considerations  of  the  effect  of  straps 
on  the  mode  frequencies  of  the  unstrapped  resonator  system  already  dis- 
cussed. The  increase  in  strap  capacitance  increases  the  wavelength  of  the 
IT  mode;  the  decrease  in  strap  inductance  decreases  the  wavelength  of  modes 
of  smaller  n.  As  the  tuning  member  is  inserted,  the  mode  frequencies 
separate,  and  no  limitation  on  the  range  of  operation  in  the  w  mode  is  im- 
posed by  interference  from  other  modes.  This  means  has  been  used  for 
tuning  ranges  of  better  than  ±6%,  but  there  is  nothing  inherent  in  the 
scheme  to  prevent  its  use  for  ranges  considerably  in  excess  of  this  value. 
Tuning  of  the  magnetron  resonator  system  by  any  of  the  means  described 

/c 

above  alters  its  characteristic  admittance,  Yoc  =  A/  j  ,  and  hence  the  stored 

energy.  For  fixed  output  coupling  and  load  admittance  this  amounts  to 
a  variation  of  the  effective  loading  as  specified  by  the  external  Q.  In  some 
cases,  attempts  have  been  made  to  compensate  for  this  by  designing  into 
the  output  circuit  a  frequency  characteristic  which  keeps  the  external  Q, 
and  hence  the  pulling  figure,  more  nearly  independent  of  frequency. 

Each  of  the  tuning  schemes  described  above  is  adaptable  to  precise  and 
specific  frequency  adjustment  or  to  frequency  variation  at  a  slow  rate.  For 
tuning  over  small  ranges  it  is  possible  to  vary  the  magnetron  frequency 
electronically,  enabling  one  to  frequency  modulate  its  output  at  a  high  rate. 
Of  the  schemes  tried  for  this  purpose  there  may  be  mentioned  that  in  which 
an  intensity  modulated  electron  beam  of  a  specific  velocity  is  shot  parallel 
to  a  superposed  DC  magnetic  field  through  one  of  the  magnetron  resonators 
or  a  closely  coupled  auxiliary  cavity. 

Concerning  the  variation  of  magnetron  operating  frequency  will  be  men- 
tioned finally  the  shifts  which  are  brought  about  by  temperature  variations 
of  the  resonator  block.  Since  the  resonator  system  is  generally  constructed 
entirely  of  copper,  it  expands  or  contracts  uniformly  with  temperature  and 
the  frequency  shifts  are  those  attained  by  a  uniform  scaling  of  the  resonator 
system  by  a  very  small  factor.  The  temperature  coefficient  of  frequency 
may  readily  be  seen  to  equal  the  negative  of  the  linear  coefficient  of  thermal 
expansion  of  copper. 

10.4  Electronic  Effects  ou  Frequency:  In  Section  3.6  Induction  by  the 
Space  Charge  Cloud  it  has  been  seen  that  the  electrons  moving  in  the  inter- 
action space  of  the  magnetron  oscillator  contribute  an  admittance  Ye  con- 
nected to  the  resonator  system.  The  magnitude  of  the  negative  electronic 
conductance  determines  the  energy  delivered  to  the  circuit  and  thus  the 
amplitude  of  oscillation.  The  electronic  susceptance,  arising  from  the  phase 
relation  between  the  space  charge  spokes  and  the  maximum  of  the  tangential 
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retarding  field,  affects  the  frequency  of  oscillation.  Under  equilibrium 
conditions  the  magnitude  of  the  current,  Irp  ,  induced  in  the  anode  seg- 
ments, its  phase  relative  to  the  RF  voltage  between  the  segments,  and  the 
operating  frequency  adjust  themselves  such  that  this  admittance,  Y ,  = 
Irf/Vrf  ,  equals  the  circuit  admittance  Y, .  The  induced  RF  current  and 
its  phase  relative  to  the  RF  voltage  both  depend  upon  the  parameters  such 
as  V  and  B,  governing  the  electronic  operation  of  the  magnetron.  The 
frequency  change  at  constant  load  arising  from  changes  in  F  or  5  when 
divided  by  the  change  in  the  DC  current,  I,  drawn  by  the  magnetron,  is 
called  the  frequency  "pushing"  and  is  measured  in  mc/s  per  ampere. 

A  further  effect  of  the  electronic  susceptance  is  the  shift  of  the  resonant 
frequency  between  the  oscillating  and  non-oscillating  conditions  of  the 
magnetron.  In  general  the  oscillating  frequency  is  lower  than  the  resonant 
frequency  of  the  non-oscillating  magnetron.  Thus  the  electronic  susceptance 
is  capacitive  with  the  space  charge  spokes  moving  somewhat  ahead  of  the 
field  maxima  during  oscillation.  This  shift  in  the  resonant  frequency  is 
important  in  pulsed  radar  systems  where  the  same  antenna  is  used  for  both 
receiving  and  transmitting.  An  echo  of  the  transmitted  pulse  on  its  return 
then  encounters  a  high,  oflf-resonance  impedance  at  the  magnetron  which 
absorbs  very  little  of  the  returned  energy.  Most  of  the  received  pulse 
energy  is  consequently  made  available  to  the  receiver.  For  some  magne- 
trons the  shift  ofif  resonance  is  not  sufficient  and  other  means  such  as  the 
use  of  the  so-called  ATR  box  are  required  to  divert  the  received  pulse  energy 
into  the  receiver. 

10.5  Frequency  Spectrum  of  a  Pulsed  Magnetron:  Only  if  a  generator 
operates  for  an  infinitely  long  time  is  its  output  "monochromatic",  that  is 
of  a  single  frequency.  The  period  of  operation  of  a  CW  oscillator  is  generally 
long  enough  to  make  any  deviations  from  this  unobservable. 

If,  however,  the  oscillation  is  modulated  as  in  the  case  of  pulsed  magne- 
trons for  which  the  pulse  duration  is  of  the  order  of  one  microsecond,  it  is 
readily  detectable  that  the  output  is  "polychromatic"  with  the  energy 
distributed  throughout  a  band  of  frequencies.  The  plot  of  the  distribution 
in  frequency  of  the  energy  generated  is  called  the  frequency  spectrum. 

This  state  of  affairs  is  perhaps  made  plausible  if  one  considers  pulsing 
the  magnetron  to  be  a  very  drastic  means  of  ampUtude  modulating  its  out- 
put. Already,  in  connection  with  the  case  of  two  coupled  circuits,  it  has 
been  seen  how  amplitude  modulation  of  an  oscillating  system  in  time  has 
associated  with  it  the  distribution  of  the  energy  over  more  than  one  fre- 
quency. In  an  analogous  but  more  complicated  manner,  a  sinusoidal 
oscillation  which  is  amplitude  modulated  by  a  nonsinusoidal  pulse  shape 
like  that  of  Fig.  37  (a)  is  compounded  of  frequencies  not  now  discrete  but 


MAGNETRON  AS  GENERATOR  OF  CENTIMETER  WAVES 


253 


distributed  continuously  throughout  a  band,  Fig.  37  (a').  The  energy 
distributions  in  time  and  frequency  are  related  mathematically  by  the 
Fourier  transform. 

The  breadth  of  the  frequency  distribution  is  inversely  proportional  to 
the  modulating  pulse  width  as  shown  in  Fig.  37.  The  spectrum  widths  of 
operating  magnetrons  may  exceed  the  theoretical  width  by  a  factor  of  not 
more  than  two  for  reasons  not  altogether  clear. 

10.6  Oscillation  Buildup- — Starting:  Of  importance  in  the  design  and 
operation  of  pulsed  magnetrons  are  the  phenomena  associated  with  the 
buildup  of  oscillation  when  the  voltage  is  applied.  Here  will  be  discussed 
briefly  what  is  known  about  the  problem,  the  factors  upon  which  the  rate  of 
buildup  of  oscillation  in  the  circuit  depends,  how  this  is  related  to  the  rate 
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Fig.  37. — Plots  of  DC  voltage  pulse  shapes  (a),  (b),  and  (c)  and  the  frequency  spectra 
(a'),  {b'),  and  (c')  resulting  from  each,  respectively.  These  are  shown  for  the  idealized 
case  of  perfectly  rectangular  voltage  pulse  shapes. 

of  voltage  buildup  and  to  pulser  characteristics,  and  how  these  factors  result 
in  various  types  of  magnetron  starting  behavior. 

The  rate  of  buildup  of  oscillation  in  the  magnetron  depends  not  only 
upon  the  circuit  characteristics  but  also  upon  the  electronic  behavior  with 
increasing  DC  and  RF  voltages.  Because  of  the  nonlinear  nature  of  the 
electron  interaction,  the  amount  of  energy  fed  to  the  circuit  per  cycle  is 
dependent  upon  the  amplitude  of  the  oscillation.  Considering  the  condition 
for  oscillation  given  by  the  first  of  equations  (35)  and  expanding  it  to 
include  during  buildup  a  term  to  account  for  the  energy  being  stored  in  the 
resonators,  one  may  derive  a  simple  expression  for  the  rate  of  increase  of  RF 
voltage  amplitude.     The  energy  stored  in  the  circuit  at  any  instant  being 

IF  =  CVrp  ,  the  rate  at  which  energy  is  being  stored  is  -^-  =  ICVrf  — —. 

at  at 
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dW 
This  corresponds  to  a  conductance  term,  G,  obtained  by  equating  -j-  and 

GFL  :  ^' 

G  =  2C  ^  -L  .  (46) 

dt     Vrf 

The  necessary  condition  for  oscillation  during  buildup  is  thus: 

GeiVHF)  +  G.  +  G  =  0,  (47) 

from  which  one  obtains 

Ge  (F«.)  +  G,  +  2  -^  ^  =  0.  (48) 

V  RF     at 

Since  oscillation  in  the  magnetron  does  in  fact  build  up,  |  GeiVRp)  \  must 
be  greater  than  G^  when  oscillation  starts.  When  equilibrium  is  reached, 
GeiVRp)  +  Gs  =  0.  Thus  I  GeiVRp)  1  must  be  a  decreasing  function  of 
Vrf  crossing  the  value  Gs  at  the  operating  point.  By  equation  (48),  Vrf 
thus  builds  up  rapidly  at  first  and  then  more  slowly  as  |  Ge(FRf)  |  ap- 
proaches Gs . 

Increase  in  load,  resulting  in  an  increase  of  Gs ,  decreases  the  rate  of 
oscillation  buildup.-  The  dependence  on  the  total  resonator  capacitance 
indicates  that  for  magnetrons  of  dififerent  sizes  related  by  a  simple  scale 
factor,  Ge  and  Gs  under  such  scaling  presumably  remaining  invariant,  the 
rate  of  buildup  decreases  with  increasing  wavelength.  Unknown  in  rela- 
tion (48)  is,  to  be  sure,  the  exact  transient  dependence  ofGe  on  RF  and  DC 
voltages,  magnetic  field,  and  interaction  space  geometry.  It  is  known , 
however,  that  an  increase  of  cathode  diameter,  although  it  is  accompanied 
by  a  decrease  in  electronic  efficiency,  does  reduce  the  difficulty  with  ''mod- 
ing"  resulting  from  failure  to  start  in  the  ir  mode. 

Associated  with  the  rate  of  buildup  of  RF  oscillation  in  determining  mag- 
netron starting  behavior  is  the  rate  at  which  the  DC  voltage  is  applied. 
From  the  discussion  of  the  electronics  of  the  magnetron  it  is  clear  that 
oscillation  is  not  possible  at  all  values  of  V  but  only  for  a  limited  range  near 
that  which  provides  synchronism  between  the  electron  motion  and  the  ro- 
tating field  pattern.  If  the  pulser  can  apply  a  voltage  which  rises  to  a 
value  in  this  region  and  which  can  remain  at  substantially  this  value  regard- 
less of  the  current  drawn,  no  difficulty  is  encountered.  However,  should 
the  pulser  regulation  be  such  that  to  secure  operation  at  a  given  voltage 

^^  This  is  directly  the  opposite  of  the  behavior  with  respect  to  load  variations  of  a 
circuit  being  driven  in  such  a  way  that  a  constant  amount  of  energy  is  fed  in  per  cycle,  in 
which  case  the  rate  of  buildup  is  inversely  proportional  to  Q. 


MAGNETRON  AS  GENERATOR  OF  CENTIMETER  WAVES  255 

and  current  it  is  necessary  to  apply  a  voltage  which  on  no  load  would  rise 
to  a  value  considerably  higher  than  the  operating  value,  the  rate  at  which 
the  voltage  passes  through  the  range  of  possible  operating  values  and  the 
relation  of  this  rate  to  that  of  RF  buildup  are  extremely  important.  Should 
the  pulse  voltage  rise  so  rapidly  as  to  pass  through  the  region  where  oscilla- 
tion is  possible  before  the  RF  oscillation  can  build  up  and  cause  the  mag- 
netron to  pass  current,  which  by  modulator  regulation  keeps  the  DC  voltage 
from  rising  further,  the  magnetron  fails  to  start.  Clearly,  the  more  rapid 
the  oscillation  buildup  the  more  rapid  a  voltage  rise  is  permissible.  Con- 
versely, for  a  given  rate  of  DC  voltage  rise,  failure  to  start  should  appear  at 
greater  load  and  longer  wavelength  as  relation  (48)  impUes.  Experience 
has  corroborated  both  of  these  conclusions.  It  is  also  clear  by  equation 
(48)  that  the  equahzation  of  loading  of  the  doublet  modes  of  the  same 
periodicity,  which  is  achieved  by  proper  location  of  strap  asymmetries, 
equalizes  their  starting  times  and  makes  possible  interference  with  t  mode 
starting  less  likely. 

When  oscillation  in  the  tt  mode  fails,  the  magnetron  may  fail  to  oscillate 
at  all  or  may  oscillate  in  another  mode  for  which  the  operating  voltage  in  a 
harmonic  is  higher  than  but  close  to  that  of  the  w  mode.     In  this  case,  as 

has  been  seen,  .—rn  >  ^;^  ,  and  the  Hartree  Une  of  the  "second"  or  "primed" 

\  k'  \      N/2 

mode  lies  just  above  that  of  the  it  mode.     This  case  in  which  oscillation  in 

the  TT  mode  is  skipped  for  oscillation  in  another  mode  represents  the  most 

common  type  of  "moding"  encountered  in  pulsed  magnetrons.     If,  on  the 

lirf         lirf 
other  hand, , — Vi  <  — ?-  ,  and  the  Hartree  line  of  the  harmonic  of  the  "sec- 

\  k'  \      N/2 

ond"  mode  lies  just  below  that  of  the  t  mode,  as  in  Fig.  16,  the  magnetron 
is  observed  to  oscillate  first  in  the  "second"  mode  before  oscillation  at  low 
currents  in  the  tt  mode  commences.  When  the  mode  driven  during  the 
interval  at  the  top  of  the  pulse  is  the  t  mode,  oscillation  in  the  "second" 
mode  occurs  only  momentarily  on  the  rise  and  fall  of  each  pulse  as  the  vol- 
tage passes  through  the  range  of  operating  values  for  this  mode. 

The  starting  behavior  of  pulsed  magnetrons  may  be  shown  by  the  so- 
called  dynamic  performance  chart  or  V-I  plot  on  which  the  course  in  time 
of  the  voltage  and  current  is  shown.  In  Fig.  38  are  shown  three  V-I  plots 
of  this  type.  The  initial  current  rise  is  the  charging  current  of  the  cathode 
to  anode  capacitance.  The  current  rise  when  oscillation  commences  is  very 
rapid  and  is  shown  as  a  dashed  line.  After  remaining  for  the  major  part 
of  the  pulse  at  the  operating  point,  indicated  in  Fig.  38  by  a  large  dot,  the 
current  and  voltage  fall  during  which  they  follow  closely  a  constant  B  Une 
of  the  static  performance  chart  (see  Fig.  17). 

In  Fig.  38  (a)  is  shown  the  dynamic  V-I  plot  for  normal  operation  in  the 
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w  mode.  In  Fig.  38  (b)  is  shown  a  dynamic  plot  after  the  voltage  control 
has  been  raised  above  the  point  of  tt  mode  failure.  Here  the  magnetron 
does  not  oscillate  at  all.  As  seen  in  Fig.  38  (c),  further  increase  of  the 
voltage  control  of  the  pulser  makes  possible  oscillation  in  the  ^  =  —  5 
(p  =  —1)  harmonic  of  the  n  =  3  mode  (N  =  8).  In  both  (b)  and  (c)  of 
Fig.  38  it  is  of  interest  to  note  how  the  magnetron  tries  to  oscillate  in  the 
X  mode  as  the  voltage  at  the  end  of  the  pulse  falls  through  the  range  of  per- 
missible values.  These  attempts  at  oscillation  are  indicated  by  the  mag- 
netron drawing  in  this  region  small  amounts  of  current  which  vary  from 
pulse  to  pulse. 


Fig.  38. — Three  so-called  dynamic  V-I  plots  or  dynamic  performance  charts  illustrating 
the  mode  skip  phenomenon.  The  plots  are  copies  of  presentations  obtained  with  an  oscillo- 
scope whose  vertical  deflection  is  proportional  to  DC  voltage  and  whose  horizontal  deflec- 
tion is  proportional  to  DC  current.  On  any  plot  the  heaviness  of  the  Unes  is  roughly 
inversely  proportional  to  the  rate  at  which  the  coordinates  are  traversed,  and  the  large  dot 
at  the  upper  extremities  represents  the  operating  point  at  the  top  of  the  pulse,  (a)  shows 
shows  normal  operation  in  the  ir  mode,  (b)  shows  failure  to  oscillate  in  any  mode,  the  ir 
mode  being  skipped,     (c)  shows  oscillation  in  a  harmonic  of  a  mode  of  smaller  n. 


10.7  Magnetron  Cathodes:  One  important  component  part  of  the  magne- 
tron oscillator  which  to  this  point  has  not  been  discussed  in  detail,  but  which 
has  been  assumed  present  and  operating  satisfactorily,  is  the  cathode.  Its 
duty  is  to  supply  the  electrons  which  serve  as  the  intermediaries  between  the 
DC  and  RF  fields.  In  terms  of  the  usual  requirements  of  vacuum  tube 
cathodes,  the  number  of  electrons  demanded  of  a  magnetron  cathode  is  little 
short  of  prodigious.  Magnetron  cathodes  may  be  required  to  deliver  current 
densities  of  the  order  of  50  amperes  per  square  centimeter  as  contrasted 
with  the  0.5  amperes  per  square  centimeter  emitted  by  oxide  cathodes  in 
high  vacuum  tubes  normally. 

How  oxide  surfaces  are  capable  of  emitting  such  enormous  currents  is 
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not  yet  entirely  clear.  It  is  certain,  however,  that  the  RF  oscillation  in  the 
magnetron  is  responsible  for  the  fact  that  such  currents  may  be  attained. 
This  is  made  evident  experimentally  by  measuring  the  current  that  may  be 
drawn  when  the  magnetic  field  is  reduced  so  that  oscillation  is  impossible 
and  comparing  it  with  the  current  drawn  during  oscillation.  At  tempera- 
tures even  in  excess  of  the  operating  temperature  such  pulsed  emission  cur- 
rents of  excellent  magnetrons  may  run  as  low  as  1%  of  the  currents  flowing 
during  oscillation.  Furthermore,  the  fields  at  the  cathode  during  these 
measurements  may  actually  exceed  those  present  during  oscillation  because 
of  the  absence  of  the  dense  space  charge  clouds  in  the  interaction  space. 

In  the  process  of  phase  selection  of  electrons,  as  previously  discussed, 
those  electrons  starting  from  the  cathode  in  a  phase  such  as  to  gain  energy 
from  the  RF  field  are  removed  from  the  interaction  space  and  driven  into 
the  cathode.  They  impart  to  the  cathode  the  energy  they  have  gained, 
causing  secondary  electrons  to  be  emitted  and  the  cathode  temperature  to 
increase.  In  most  magnetrons  the  amount  of  this  returned  energy  is  about 
5%  of  the  input,  though  in  some  cases  it  may  become  as  high  as  10%.  This 
means  that  the  average  energy  of  back  bombardment  may  run  as  high  as 
75  watts  per  square  centimeter  of  cathode  surface.  This  amount  of  energy 
must  be  dissipated  under  equihbrium  conditions  by  radiation  and  conduc- 
tion. In  general,  the  short  wavelength  magnetrons  are  run  with  no  heater 
power  supplied  to  the  cathode,  the  cathode  temperature  being  maintained 
by  back  bombardment.  In  many  cases,  cathode  overheating  by  this 
process  is  actually  the  limitation  on  the  operating  capabiUties  of  the  mag- 
netron. 

There  is  some  experimental  evidence  that  the  large  current  drawn  from 
the  magnetron  cathode  is  not  primarily  made  up  of  secondary  electrons  but 
may  result  from  an  "enhanced"  primary  emission.  This  is  supported  by 
the  fact  that  the  secondary  electrons  emitted  at  the  return  to  the  cathode 
of  the  "out  of  phase"  electrons  are  themselves,  assuming  negligible  emission 
time,  largely  "out  of  phase"  electrons  later  to  return  to  the  cathode.  How- 
ever, the  emission  of  large  numbers  of  secondary  electrons  may  lead  to  an 
"enhanced"  primary  emission  by  a  process  not  now  understood.  As  pos- 
sible processes  may  be  mentioned  field  emission  or  an  actual  lowering  of  the 
cathode  work  function,  each  brought  about  by  the  fields  in  the  cathode 
coating  which  result  from  the  charge  loss  attendant  upon  the  secondary 
emission.  Ionic  conduction  or  electrolytic  action  in  the  coating  may  also 
contribute  in  some  manner  to  a  lowered  work  function  and  to  the  "enhanced" 
emission,  although  such  ionic  processes  would  generally  involve  time  in- 
tervals longer  than  a  microsecond.  The  actual  mechanism  involved,  how- 
ever, is  still  speculative. 

A  word  about  the  relation  of  magnetron  scaling  to  magnetron  cathode 
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problems  will  here  be  in  order.  It  has  been  seen  earlier  that,  in  scaling  all 
magnetron  dimensions  by  a  factor  a,  the  magnetic  field  changes  by  a  factor 

—  while  the  current  and  voltage  remain  unchanged.  That  this  places  severe 
a 

requirements  on  the  cathode  may  be  seen  by  considering  the  scaling  of  a 
10  cm.  magnetron  down  to  1  cm.  The  operating  current  may  be  20  amperes 
in  both  cases.  If  this  corresponds  to  a  current  density  of  5  amperes,  per 
sq.  cm.  at  10  cm.,  500  amperes  per  sq.cm.  will  be  required  at  1  cm.  What 
is  more,  the  back  bombardment  in  watts  per  sq.  cm.  is  increased  by  a  factor 
of  100.  Both  of  these  requirements  are  completely  unreasonable  and  pre- 
clude direct  scaling  in  this  instance.  Consequently,  an  attempt  is  made 
in  such  cases  to  decrease  the  current  density  by  increasing  both  the  cathode 
length  and  diameter.  Increasing  the  latter  usually  involves  increasing  the 
anode  diameter  and  the  number  of  resonators.  Even  so,  current  densities 
may  exceed  50  amperes  per  sq.  cm.,  as  stated  earher. 

The  pulsed  magnetron  cathode  at  the  shorter  wavelengths  (less  than 
10  cm.)  in  the  centimeter  band  is  a  limiting  factor  in  magnetron  design.  In 
CW  magnetrons  the  small  size  of  the  interaction  space  has  made  ihe  cathode 
an  important  and  difficult  design  problem  throughout  the  centimeter  wave- 
length region.  Considerable  effort  has  been  expended  in  a  number  of 
laboratories  not  only  to  understand  the  physics  of  the  operation  of  the  mag- 
netron cathode  but  to  find  suitable  materials  and  constructional  designs.  It 
has  become  clear  that  a  good  magnetron  cathode  which  will  meet  the  special 
conditions  of  high  current  density  and  high  voltage  gradient  and  the  con- 
siderable electron  back  bombardment  are  these:  (1)  sufficient  primary 
emission  to  enable  the  magnetron  to  start  and  to  supply  a  part  of  the  re- 
quired operating  current;  (2)  sufficient  secondar}^  emission  to  supply  the 
remainder  (it  may  be  practically  all)  of  the  required  current  density  through 
whatever  mechanism  is  involved;  (3)  sufficient  active  material  to  permit 
satisfactory  Hfe;  (4)  some  mechanical  means  of  holding  the  active  material 
on  the  cathode  surface;  (5)  sufficiently  low  electrical  resistance  of  the  coating 
to  permit  large  bursts  of  current  without  undue  local  heating  and , high  back 
bombardment  without  excessive  coating  temperature;  and  (6)  satisfactory 
over-all  heat  dissipation  characteristics,  conductive  and/or  radiative,  to 
keep  evaporation  of  active  material  to  a  minimum. 

In  pulsed  magnetrons  of  wavelength  10  cm.  or  greater  it  has  generally 
been  possible  to  use  plain  oxide  coated  cathodes.  Nickel  base  material  is 
generally  used  and  the  active  material  is  the  usual  double  carbonate  coating 
(reduced  to  the  oxides  during  activation).  At  wavelengths  of  3  cm.  and 
shorter  the  development  of  satisfactory  pulsed  magnetrons  would  have 
been  impossible  without  the  development  of  special  cathodes.     In  the  main, 
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these  have  been  aimed  at  meeting  requirements  (3)  to  (5)  above.  The  con- 
structions liave  made  use  of  wire  meshes  and  of  sintered  nickel  matrices  both 
to  reduce  the  coating  resistance  and  to  hold  sufficient  material  on  the  cathode 
in  a  manner  such  that  it  may  be  dispensed  gradually  during  life. 

10.8  The  Magnetic  Circuit:  The  magnetic  field  required  for  operation  of 
the  magnetron  oscillator  is  generally  obtained,  e.xcept  in  laboratory  e.xperi- 
ments,  by  means  of  a  permanent  magnet.  At  long  wavelengths  and  in 
early  models  at  shorter  wavelengths,  the  magnetron  and  permanent  magnet 
are  separable.  Building  the  magnetic  pole  faces  into  the  magnetron  struc- 
ture itself  and  attaching  the  magnetic  material  to  it  has  made  possible  the 
reduction  of  the  over-all  magnet  gap,  and  hence  total  magnet  weight,  as 
well  as  the  use  of  mechanically  superior  axial  cathode  mountings.  The 
resulting  so-called  "packaged"  magnetron  design  has  been  used  at  shorter 
wavelengths  where  the  magnetic  fields  are  high  but  need  not  extend  over  a 
large  area.  The  total  magnet  weight  under  these  conditions  is  much  less 
than  that  required  in  a  separate  magnet.  Needless  to  say,  the  possession  of 
good  permanent  magnet  material  and  the  work  done  on  magnet  design  have 
contributed  materially  to  the  success  of  the  centimeter  wave  magnetron. 

10.9  Magnetron  Measurements:  The  fundamental  measurements  made 
on  the  magnetron  oscillator  have  already  been  discussed  or  alluded  to  where 
the  performance  characteristics  of  the  magnetron  and  its  circuit  theor}-  are 
described.     Here  will  be  described  briefly  the  technique  of  measurement. 

Magnetron  measurements  are  of  two  general  types.  One  is  made  on  the 
oscillating  magnetron  and  the  other  on  the  non-oscillating  magnetron. 
The  latter  may  be  made  at  any  stage  in  the  fabrication  of  the  magnetron 
after  its  anode  structure  and  output  circuit  are  completed.  Figs.  39  and 
40  illustrate  schematically  the  apparatus  employed  in  these  tests. 

Perhaps  the  best  way  of  describing  the  techniques  of  magnetron  measure- 
ments is  to  list  all  of  the  parameters,  quantities,  or  characteristics  asso- 
ciated with  such  measurements  and  for  each  to  give  the  definition,  method 
of  measurement  or  calculation,  or  the  way  it  is  put  together  from  other 
data,  as  the  case  may  be.  In  any  event,  the  list  given  below  permits  of 
ready  reference.  Although  the  text  applies  directly  to  pulsed  magnetrons 
the  simplifications  for  CW  magnetrons  are  obvious. 

The  DC  magnetic  f  eld,  B,  in  w'hich  the  magnetron  operates  is  generally 
supplied  in  the  laboratory  by  an  electromagnet,  the  field  in  the  gap  generally 
being  calibrated  in  terms  of  the  current  passed  through  the  magnet  coils. 

The  peak  DC  voltage,  V,  applied  to  the  magnetron  cathode  is  measured  by 
means  of  a  peak  voltmeter  or  by  observing  a  known  fraction  of  the  voltage 
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pulse  on  the  calibrated  screen  of  an  oscilloscope.  In  a  simple  but  suitable 
peak  voltmeter  it  is  arranged  to  charge  a  condenser  through  a  diode  to  the 
peak  voltage  which  may  then  be  measured  with  a  high  resistance  DC 
voltmeter. 

The  peak  DC  current,  I,  drawn  by  the  magnetron  is  measured  by  passing 
the  current  through  a  known  resistance,  usually  one  or  two  ohms,  and  deter- 
mining the  peak  voltage  developed  across  the  resistance  by  means  of  a  peak 
voltmeter  or  calibrated  oscilloscope. 

The  average  DC  current  drawn  by  the  magnetron  is  the  current  measured 
on  a  DC  meter  connected  in  one  leg  of  the  pulsing  circuit,  as  shown  in  Fig.  39. 
The  pulse  duration,  t,  as  its  name  implies,  is  the  length  of  the  time  during 
which  the  voltage,  usually  measured  near  the  top  of  the  pulse,  is  maintained 
across  the  magnetron.  It  may  be  determined  from  the  pulse  presentation 
on  an  oscilloscope  having  a  calibrated  sweep  or  it  may  be  calculated  as  indi- 
cated below  when  other  parameters  are  known. 

The  pulse  recurrence  rate,  pps,  is  the  repetition  frequency  at  which  the 
voltage  pulse  is  applied  and  is  determined  by  the  frequency  of  the  calibrated 
primary  oscillator  driving  the  pulser  or  modulator  circuit. 

The  duty  cycle,  defined  as  the  fraction  of  time  the  pulsed  magnetron 
operates,  may  be  determined  as  the  ratio  of  average  to  peak  DC  current  or 
as  the  product  of  the  pulse  duration  and  the  pulse  recurrence  rate. 

The  peak  input  power  is  the  product  of  the  peak  DC  voltage  and  the  peak 
DC  current. 

The  average  input  power  is  the  product  of  the  peak  input  power  and  the 
duty  cycle. 

The  voltage  and  current  pulse  shapes  as  observed  with  oscilloscopes  are  of 
importance  in  studying  the  spectrum  and  moding  characteristics  of  the 
magnetron  under  test. 

The  dynamic  V-I  plot,  or  dynamic  performance  chart,  is  viewed  on  an 
oscilloscope  in  which  at  any  instant  the  vertical  deflection  is  proportional  to 
peak  DC  voltage  and  the  horizontal  deflection  proportional  to  peak  DC 
current.  Three  such  plots  are  shown  on  Fig.  38  and  their  usefulness  is 
indicated  in  the  corresponding  text. 

The  average  output  power  is  the  average  centimeter  wave  power  delivered 
to  the  useful  load.  The  simplest  and  most  foolproof  method  of  measuring 
this  power  is  to  absorb  the  energy  in  a  column  of  water.  From  a  determina- 
tion of  the  rate  of  water  flow  and  its  temperature  rise  the  power  may  be 
calculated  readily.  The  water  column  terminating  the  coaxial  line  or  wave 
guide  of  the  test  apparatus  is  made  reflectionless  either  by  tapering  it  or 
preceding  it  by  a  quarter  wavelength  matching  plate  of  proper  dielectric 
constant,  analogous  to  the  optical  quarter  wave  plate. 

The  peak  output  power  may  be  calculated  as  the  average  output  power 
divided  by  the  duty  cycle. 
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The  over-all  efficiency  of  operation  is  the  ratio  of  the  peak  output  to  peak 
input  powers  or  the  ratio  of  average  output  to  average  input  powers. 

The  frequency  of  oscillation  of  the  magnetron  is  determined  by  feeding  a 
small  amount  of  the  RF  power  into  a  calibrated  variable  frequency  resonant 
cavity  of  high  Q  and  by  means  of  a  detector  observing  the  frequency  at 
which  the  cavity  absorbs  or  passes  power. 

The  load  impedance  into  which  the  magnetron  operates  is  determined  by 
measurement  in  the  output  line  of  the  voltage  standing  wave  and  its  phase 
with  respect  to  some  previously  chosen  reference  point.  This  measurement 
is  made  with  a  standing  wave  detector  in  which  it  is  arranged  to  move  an 
electrostatic  probe  along  a  section  of  slotted  Hne  in  which  it  samples  the  RF 
energy  in  the  line.  The  energy  picked  up  by  the  probe  is  detected  after 
sufficient  attenuation  either  by  a  crystal  or  by  a  small  bolometer  whose 
resistance  is  a  function  of  the  energy  fed  into  it.     The  voltage  standing  wave 
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Fig.  40. — A  schematic  diagram  showing  the  arrangement  of  apparatus  used  in  making 
measurements  on  a  non-oscillating  magnetron  or  magnetron  resonator  block. 

ratio  and  its  phase  may  be  translated  into  impedance,  admittance,  or  reflec- 
tion coefhcient  in  the  manner  already  discussed.  The  magnetron  load 
impedance  may  be  varied  from  the  match  presented  by  the  terminating 
water  column  by  means  of  a  line  tuning  section  or  tuner.  In  one  such  line 
tuning  section,  two  sleeves  constituting  in  effect  quarter  wavelength  lines 
of  low  characteristic  impedance  may  be  moved  relative  to  one  another  to 
vary  the  magnitude,  and  moved  together  to  vary  the  phase  of  the  standing 
wave. 

The  Rieke  diagram,  is  a  plot  of  constant  output  power  and  frequency 
on  a  reflection  coefficient  plane.  Its  construction  thus  involves  the  measure- 
ment of  output  power,  frequency,  and  load  impedance  as  the  line  tuners 
are  moved  over  a  wide  range  of  positions.  The  operating  parameter  main- 
tained constant  is  usually  chosen  to  be  the  peak  DC  current.  Such  a  dia- 
gram is  shown  in  Fig.  ii. 
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The  pulling  figure,  PF,  defined  as  the  maximum  frequency  excursion  of  the 
magnetron  as  the  load  reflection  coefficient  traverses  the  p  =  0.2  circle,  may 
be  obtained  from  the  Rieke  diagram.  It  may  be  measured  directly  by  two 
simple  wavemeter  measurements  taken  at  the  frequency  extrema  occuring 
as  the  standing  wave  of  1.5  voltage  ratio  is  moved  up  and  down  the  line. 
Various  types  of  standing  wave  introducers  have  been  devised  to  produce  a 
reflection  coefficient  of  p  =  0.2  for  the  specific  measurement  of  pulling  figure. 

The  performance  chart  is  a  plot  of  constant  magnetic  field,  peak  output 
power  and  over-all  efficiency  contours  on  a  V-I  plane.  Its  construction 
thus  involves  the  measurement  of  peak  DC  voltage,  peak  DC  current,  and 
peak  output  power  at  several  magnetic  fields.  Sometimes  frequency,  push- 
ing figure,  and  spectrum  appearance  are  also  determined.  Figs.  17  and  20 
are  examples  of  this  chart. 

The  frequency  spectrum  is  the  distribution  of  energy  with  frequency  for  a 
pulsed  magnetron  and  is  displayed  on  a  so-called  spectrum  analyzer.  This 
analyzer  is  a  very  narrow  band  tunable  radio  receiver  whose  pass  band  is 
varied  periodically  twenty  or  so  times  per  second  over  several  mc/s.  The 
response  of  the  receiver  to  the  frequency  distribution  of  energy  appears  on 
an  oscilloscope  whose  sweep  is  synchronized  with  the  pass  band  frequency 
variation. 

The  pushing  figure  is  the  instantaneous  frequency  change  in  mc/s  per 
ampere  change  in  peak  DC  current  at  constant  load.  It  may  be  obtained 
by  measuring  the  frequency  shift  on  a  spectrum  analyzer  as  the  pulse 
current  is  changed  by  a  known  amount.  The  current  change  must  be 
executed  rapidly  enough  to  avoid  frequency  shifts  arising  from  temperature 
changes. 

Impedance  measurements  on  the  non- oscillating  magnetron  involve  the 
use  of  a  variable  frequency  RF  oscillator  feeding  power  through  an  attenua- 
tor and  a  standing  wave  detector  into  the  output  circuit  of  the  magnetron 
(see  Fig.  40).  These  measurements  determine  as  a  function  of  frequency 
the  impedance  Zc  discussed  in  the  text. 

M  ode  frequencies  are  determined  from  the  impedance  measurements  on  the 
non-oscillating  magnetron  by  noting  the  frequencies  at  which  the  input 
standing  wave  is  observed  to  go  through  a  minimum.  They  may  also  be 
determined  by  the  observation  of  energy  maxima  with  a  pickup  loop  or 
probe  placed  in  the  resonator  system. 

Mode  identifiication  is  made  by  observing  the  periodicity  of  RF  field  in  the 
interaction  space  of  the  resonator  system.  This  is  done  by  sampling  the 
field  with  a  rotating  RF  probe  placed  in  an  axial  cylinder  corresponding  to 
the  cathode  as  shown  in  Fig.  40.  The  probe  response  is  detected  and  dis- 
played on  an  oscilloscope  with  sweep  synchronized  to  the  rotation  of  the 
probe. 
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PART  II 

DEVELOPMENTAL  WORK  ON  THE  MAGNETRON  OSCILLATOR 
AT  THE  BELL  TELEPHONE  LABORATORIES,  1940-1945 

1 1 .  General  Remarks 

IN  THE  first  part  of  this  paper  the  fundamentals  of  the  theory  of  the 
magnetron  oscillator  have  been  discussed.  The  objective  has  been  to 
establish  for  the  reader  a  general  picture  of  the  nature  of  the  electronic 
mechanism  and  of  the  role  played  by  the  RF  circuit  and  load. 

In  the  second  part  of  the  paper  is  traced  the  research  and  development 
work  done  at  the  Bell  Telephone  Laboratories  on  the  magnetron  oscillator 
during  the  war  years,  1940-1945.  The  effort  was  directed,  for  the  most 
part,  toward  the  development  of  magnetrons  to  meet  definite  radar  needs. 

Fifteen  different  types  or  families  of  magnetrons  were  developed  at  the 
Bell  Laboratories  during  the  war.  Included  among  these  are  some  75 
separate  Western  Electric  Company  or  RMA  code  numbers.  It  has  been 
found  most  convenient  to  discuss  the  work  done  on  each  type  of  magnetron 
as  a  unit,  although,  to  be  sure,  there  has  been  considerable  interplay  between 
projects.  Something  is  said  of  the  origin  of  each  type,  of  the  problems  en- 
countered in  its  development,  and  of  the  solution  of  these  problems,  in  some 
cases  involving  studies  and  experiments  of  general  interest.  Special  charac- 
teristics and  general  performance  data  for  each  type  of  magnetron  discussed 
are  given.  Included  also  is  a  general  discussion  of  the  work  done  on  mag- 
netron cathodes,  which,  although  carried  out  on  specific  magnetrons,  has 
been  of  general  applicability  to  all. 

Before  proceeding  with  the  detailed  discussion,  it  would  be  well  for  the 
reader  to  recognize  the  general  scope  of  the  work  to  be  described  and  the 
general  nature  of  the  problems  encountered.  The  work  of  the  Bell  Labora- 
tories in  the  development  of  pulsed  magnetrons  for  radar  use  has  extended 
over  practically  the  whole  range  of  effort  surv^eyed  in  the  Introduction. 
Work  has  been  done  throughout  the  range  of  wavelengths  from  45  cm.  to 
1  cm.  and  on  magnetrons  capable  of  developing  over  one  megawatt  peak 
RF  power.  It  has  included  work  on  such  features  as  tuning,  coaxial  and 
wave  guide  outputs,  several  types  of  resonator  systems  and  strapping 
schemes,  and  on  the  incorporation  of  the  magnetic  circuit  IdIo  the  magnetron 
structure  in  so-called  "packaged"  types. 

The  scope  of  the  developments  to  be  described  may  be  judged  from 
Figs.  41,  42,  43,  and  44.  That  part  of  a  magnetron  oscillator  which  perhaps 
best  gives  one  an  idea  of  size  and  wavelength  range  is  the  resonator  block. 
In  Fig.  41  is  shown  a  series  of  resonator  blocks  ranging  in  resonant  fre- 
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Fig.  42— Four  fixed  frequency  magnetron  oscillators.  Theyare:  (I)  theojil  magnetron 
(60  kw.,  24,000  mc/s);  (2)  the  4J52  magnetron  (100  kw.,  9375  mc/s);  (3)  the  720A-E  mag- 
netron (1000  kw.,  '-'2800  mc/s) ;  (4)  the  4J21-30  magnetron  (600  kw.,  --1280  mc/s).  Note 
the  two  types  of  output  circuit,  coaxial  and  waveguide;  the  use  of  packaged  magnets; 
and  the  two  types  of  input  leads. 

quency  from  700  mc/s  to  24,000  mc/s.^^    In  Fig.  42  is  shown  the  external 
view  of  four  magnetrons  of  operating  frequencies  distributed  over  the  range 

23  In  this  and  other  photographs  of  PART  II  either  a  one  inch  cube  or  a  line  of  length 
one  inch  has  been  included  for  size  reference. 
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Fig.  43— Four  tunable  magnetron  oscillators.  They  are:  (1)  the  4J42  magnetron  (40 
kw.,  660  to  730  mc/s);  (2)  the  4J51  magnetron  (275  kvv.,  900  to  970  mc/s);  (3)  the  5J26 
magnetron  (600  kw.,  1220  to  1350  mc/s);  and  the  2J51  magnetron  (5^  kw.,  8^00  to  9600 
mc/s). 

in  which  work  has  been  done.  It  illustrates  both  the  coaxial  and  wave- 
guide types  of  output  circuits,  the  use  or  not  of  attached  magnets,  and  the 
two  types  of  input  leads  and  cathode  supports.  In  Fig.  43  is  shown  the 
group  of  tunable  magnetrons  developed  as  replacements  for  fi.xed  fre- 
quency models  with  which  they  are  electrically  and  mechanically  inter- 
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changeable.  Finally,  in  Fig.  44  are  shown  two  magnetron  oscillators,  the 
720A  and  725 A,  mounted  in  their  magnets.  By  comparison  with  Fig.  42, 
the  space  and  weight  saved  by  packaging  may  be  seen.  A  fair  comparison 
is  that  between  the  725A  and  magnet  of  Fig.  44  and  the  4J52,  number  2 
in  Fig.  42.  Both  are  3.2  cm.  models,  the  latter,  moreover,  being  capable 
of  generating  higher  power. 

The  designer  of  a  magnetron  oscillator  is  faced  with  a  variety  of  tasks. 
If  the  magnetron  is  to  be  used  in  a  specific  application  he  has  at  his  disposal 
data  concerning  the  amount  of  power  available  to  drive  the  magnetron, 
the  nature  of  the  pulsing  if  such  is  to  be  used,  the  frequency  of  operation, 
mechanical  features  having  to  do  with  form  and  weight,  and  an  idea  of  what 
the  user  hopes  or  expects  to  obtain  in  the  way  of  output  power,  frequency 
stabiUty,  and  operating  efficiency.  It  is  the  problem  of  magnetron  design 
to  arrange  the  resonator  system,  output  circuit,  cathode,  magnetic  circuit, 
and  mechanical  features  to  meet  these  requirements  if  possible. 

In  the  design  of  the  resonator  system  it  must  be  arranged  to  achieve  the 
proper  frequency  of  operation,  proper  characteristics  regarding  modes,  the 
proper  size  of  interaction  space,  and  other  characteristics  which  have  a 
bearing  on  the  electronic  operation.  In  special  cases  a  tunable  resonator 
system  must  be  provided. 

In  the  design  of  the  output  circuit  it  is  necessary  to  arrange  the  type  of 
coupling  to  the  resonator  system,  the  necessary  impedance  transformation 
from  resonator  to  load,  the  type  of  external  coupling,  a  vacuum  seal,  and 
generally  to  take  into  account  the  possibility  of  electrical  breakdown  when 
the  power  delivered  is  high.  , 

In  the  design  of  the  magnetron  cathode,  attention  must  be  paid  to  its 
surface  and  how  it  is  equipped  to  meet  the  rigorous  demands  made  of  it. 
The  cathode  mounting  and  input  leads  must  be  designed  for  proper  geom- 
etry at  the  cathode  ends,  heat  dissipation,  mechanical  strength,  and  DC 
voltage  breakdown  strength. 

The  requirements  placed  on  the  magnetic  circuit  of  a  magnetron  must  be 
borne  in  mind  throughout  the  design  of  the  magnetron  itself.  Considerable 
efifort  may  be  expended  in  arranging  for  the  magnet  gap,  and  hence  the  re- 
quired magnet,  to  be  as  small  as  possible.  In  "packaged"  magnetrons  the 
magnet  pole  pieces,  which  are  built  into  the  magnetron  structure,  must  be 
designed  to  produce  a  field  of  proper  configuration  and  to  make  the  neces- 
sary external  magnets  feasible. 

Generally,  the  design  of  the  mechanical  features  of  a  device  as  complicated 
as  the  multiresonator  magnetron  oscillator  is  extremely  important  and  must 
provide  for  structural  strength  under  a  variety  of  conditions,  as  well  as 
cooling  facilities  and  external  protection  of  relatively  fragile  parts. 
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12.  Reproduction  of  the  British  Magnetron 

The  problem  undertaken  at  the  Bell  Telephone  Laborator;es  immediately 
after  the  visit  of  the  British  delegation  in  October  1940  was  the  reproduction 
of  the  10  cm.  magnetron  for  study  and  for  general  radar  use  at  the  Bell  Labo- 
ratories and  the  Radiation  Laboratory  at  the  Massachusetts  Institute  of 
Technolog>^  The  data  available  were  contained  in  a  drawing  of  a  magne- 
tron having  six  resonators  and  in  an  X-ray  photograph  of  the  magnetron 
used  in  the  demonstration  at  the  Whippany  Laboratory,  described  in  the 
Introduction.     The  X-ray  photograph,  reproduced  in  Fig.  45,  showed  a 


Fig.  45 — An  X-ray  photograph  of  the   10  cm.  magnetron  oscillator  brought  to  America 
by  a  British  delegation  in  October  1940  and  copied  at  the  Bell  Laboratories.     It  is  the 
prototype  of  most  magnetron   oscillators   in    the   centimeter   wave   region   developed 
in  Great  Britain  and  the  United  States  during  the  war. 


resonator  system  having  eight  resonators.  Since  this  arrangement  was 
known  to  operate,  it  was  adopted  as  the  starting  point  for  the  work  here. 

In  its  first  tests  at  Whippany,  the  British  magnetron  was  pulse  operated 
at  about  10  kv.  and  10  amps,  peak  current.  The  pulses  were  of  1  micro- 
second duration  and  recurred  1000  times  per  second.  The  magnetic  field 
required  was  about  1100  gauss.  The  magnetron  was  loaded  with  a  simple 
radiating  antenna  of  unknown  load  impedance.  Under  these  conditions  the 
magnetron  generated  RF  power  estimated  at  the  time  to  be  greater  than 
10  kw. 

The  eight  hole  and  slot  type  resonators  of  the  British  magnetron  were 
spaced  around  an  anode  of  0.8  cm.  radius.  The  resonator  system,  ma- 
chined in  a  block  of  copper,  was  2  cm.  long.     It  was  unstrapped,  strapping 
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not  being  known  at  the  time,  and  in  its  general  features  was  much  like  that 
shown  schematically  in  Fig.   1. 

The  output  circuit  of  the  British  magnetron  was  also  similar  to  that  of 
Fig.  1.  It  had  no  particular  transformer  properties  designed  into  it.  The 
vacuum  seal,  made  of  copper,  glass,  and  tungsten,  was  incorporated  in  the 
output  coaxial  line  in  very  much  the  same  manner  as  that  shown  in  Figs.  60 
and  61. 

The  cathode  was  a  plain,  oxide  coated,  nickel  cylinder,  0.3  cm.  in  radius. 
It  had  nickel  end  disks  of  0.5  cm.  radius  and  was  mounted  on  radial  leads 
passing  through  glass  vacuum  seals  like  those  shown  in  Fig.  61.  The 
leads  are  placed  diametrally  across  the  resonator  hole  to  minimize  RF  flux 
linkage  to  the  cathode  structure.  Preliminary  British  results  indicated  that 
Ihc  cathode  could  be  activated  properly  and  would  possess  a  reasonable  life- 
lime  under  the  original  operating  conditions. 

The  British  magnetron  had  been  designed  for  use  with  a  magnet  liaving 
a  gap  of  about  1.75  in.  and  a  pole  face  diameter  of  1.25  in.,  producing  a 
magnetic  field  of  about  1500  gauss. 

Several  of  the  constructional  features  of  the  British  magnetron  were  new. 
The  cylindrical  block  of  copper  into  which  the  resonator  system  was  m.a- 
chined  was  used  as  the  vacuum  envelope.  It  was  closed  at  either  end  by 
copper  disk  cover  plates.  The  vacuum  seal  was  made  during  the  pumping 
and  baking  process  by  the  alloying  at  the  baking  temperature  of  gold  rings 
lietween  the  cover  plate  and  block.  The  alloying  was  done  at  high  pressure 
I)rovided  by  a  clamp  bolted  across  the  magnetron.  Although  no  getter 
was  used,  satisfactory  vacuum  conditions  could  be  maintained  after  seal-off. 

By  mid-November  of  1940,  a  number  of  working  reproductions  of  the 
British  magnetron  had  been  supplied  in  our  Laboratories  and  to  the  Radi- 
ation Laboratory  at  M.  I.  T.,  and  a  program  of  study  of  the  magnetron 
oscillator  commenced.  The  work  thus  started  was  continued,  on  the  one 
hand,  to  put  the  new  magnetron  into  production,  and  on  the  other  hand, 
to  attempt  to  understand  it,  improve  upon  it,  and  extend  its  range  of  useful- 
ness. 

13.  Magnetrons  for  Wavelengths  of  20  to  45  Centimeters 

13.1  The  700A-D  Magnetrons:  After  the  British  10  cm.  magnetron 
had  been  successfully  reproduced  and  an  emergency  program  of  research  and 
development  of  multicavity  magnetron  oscillators  commenced,  the  question 
immediately  was  asked:  Can  a  multicavity  magnetron  be  designed  to  operate 
near  40  cm.  in  the  pulsed  radar  set  under  development  in  the  Whippany 
radio  laboratory?  Clearly  there  now  existed  the  possibility  of  much  greater 
power  than  was  possible  with  triodes  at  this  wavelength  with  reasonable 


272  BELL  SYSTEM  TECHNICAL  JOURNAL 

life  expectancy.  The  modulator  of  the  radar  set  provided  pulsed  input 
power  to  the  oscillator  at  about  12  kv.  and  up  to  10  amps,  peak  current.^^ 

The  performance  of  the  10  cm.  multicavity  magnetrons  appeared  to 
make  the  development  of  such  a  generator  at  40  cm.  feasible.  A  straight- 
forward enlargement  of  the  10  cm.  magnetron  by  a  factor  of  four  was  out 
of  the  question,  however,  as  it  resulted  in  a  magnetron  entirely  too  bulky, 
requiring  a  prohibitively  large  magnet.  The  development  of  the  700  mc/s 
magnetron  oscillator  thus  involved  departures  from  the  British  design. 
In  particular  it  was  found  necessary  to  reduce  the  axial  length  of  the  reso- 
nator system  to  a  considerably  smaller  fraction  of  a  wavelength  than  in  the 
10  cm.  design.  The  development  involved  design  of  the  interaction  space 
for  maximum  operating  efficiency,  the  resonator  system,  for  which  both 
eight  and  sLx  resonator  structures  were  employed,  and  the  output  circuit 
for  coupling  into  the  existing  radar  system. 

An  early  700  mc/s  multicavity  magnetron  design  employed  eight  reso- 
nators of  axial  length  less  than  one  tenth  wavelength;  the  10  cm.  design 
was  about  one  fifth  wavelength  long.  Operating  models  initially  produced 
approximately  10  kw.  of  RF  power  near  the  desired  frequency.  It  was 
found,  however,  that  a  smaller  and  lighter  magnetron  could  be  made  to 
operate  at  the  same  voltage  if  the  number  of  resonators  were  reduced  from 
eight  to  six,  permitting  smaller  anode  and  cathode  radii  [equation  (16)  in 
PART  I].  The  weight  and  over-all  diameter  was  further  r-educed  by  use  of 
elongated  holes  in  the  hole  and  slot  resonators.  This  change  resulted  in  the 
resonator  system  used  in  the  700A-D  magnetrons  (see  Figs.  41  and  46). 
Each  hole  is  made  by  boring  two  intersecting  cylinders  in  the  resonator  block 
as  may  be  seen  in  Fig.  46.  No  difficulty  was  encountered  in  achieving  the 
desired  frequency.  The  frequency  differences  between  the  four  coded 
magnetrons  near  700  mc/s  were  achieved  by  variation  of  the  resonator  slot 
width. 

The  separation  of  mode  frequency  between  the  n  =  3  mode  (tt  mode)  and 
the  nearest  other  mode  is  of  the  order  of  3  per  cent.  Although  this  is  small 
compared  to  that  obtainable  in  strapped  magnetrons,  it  is  greater  than  that 
for  the  early  unstrapped  magnetrons  near  10  cm.  This  is  reflected  in  greater 
operating  efficiency. 

The  cathode  in  the  700A-D  magnetrons  is  supported,  as  in  the  British 
magnetron,  by  radial  leads  extending  across  the  center  of  one  of  the  hole 
and  slot  resonators.  The  cathode  diameter  was  varied  in  an  experiment 
designed  to  determine  the  value  for  maximum  operating  efficiency.  Early 
experiments  of  this  type  involving  measurements  of  output  power  and  effi- 
ciency were  quite  crude  and  conclusions  from  their  results  were  by  no  means 
as  significant  as  those  based  on  measurements  of  frequency.     The  primary 

"  This  radar  development  is  discussed  in:  VV.  C.  Tinus  and  W.  H.  C.  Higgins,  "Early 
Fire  Control  Radar  for  Naval  Vessels,"  Bell  Syst.  Tech.  Jour.,  25,  1  (1946). 
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■difficulty  lay  not  in  the  actual  measurement  of  power  or  voltage  but  in  the 
fact  that  the  magnetrons  were  not  loaded  in  a  reproducible  fashion.  It  was 
considerably  later  that  load  impedance  measurements  were  made  and  used 
in  evaluating  magnetron  performance.  In  many  early  studies  the  effect 
of  load  on  operation  was  not  sufficiently  disentangled  from  the  efifects  of 
other  things.  In  spite  of  these  inadequacies,  however,  it  was  generally 
possible  to  distinguish  a  good  design  change  from  a  bad  one,  and  much  of 
value  was  gained  in  early  work. 

The  cathode  diameter  used  in  the  700A-D  magnetrons  is  given  in  Table 
I  along  with  other  data  on  these  and  other  magnetrons  in  the  20  to  45  cm. 


Fig.  46— An  internal  view  of  a  700A-D  magnetron  (40  kw.,  ^^700  mc/s)  showing  the 
unstrapped  resonator  system  of  six  hole  and  slot  circuits,  the  cathode,  the  cathode  end 
disks  and  support  leads,  and  the  output  coupling  loop  and  lead. 

wavelength  range.  It  should  be  noted  that  the  optimized  ratio  fc/r^  is 
0.300  as  compared  to  0.375  in  the  British  magnetron  having  eight  resonators. 
Plain  oxide  coating  is  used  on  the  cathode.  Life  expectancy  is  thousands 
of  hours. 

As  may  be  seen  in  Fig.  46,  the  output  coupling  is  accomplished  by  means 
of  a  loop  in  the  end  space  of  the  structure.  The  loop  is  connected  to  an 
anode  segment.  It  is  driven  by  direct  coupling  to  the  anode  segment  and 
by  coupling  to  the  magnetic  flux  linking  the  two  adjacent  resonators. 
The  output  circuit  was  not  designed  to  operate  into  a  matched  output  line, 
however,  and  external  impedance  transformation  must  be  incorporated 
into  the  load  line. 
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In  mechanical  construction  the  700A-D  magnetrons  involved  techniciues 
like  those  described  above.  The  input  and  output  leads  included  copper 
to  glass  to  tungsten  seals  much  like  those  in  the  reproductions  of  the  British 
magnetron.  The  end  covers  were  sealed  to  the  resonator  body  by  means 
of  the  gold  ring  technique  employed  in  the  British  magnetron. 

The  700A-D  magnetrons  are  limited  in  frequency  to  the  four  10  mc/s 
bands  between  680  and  720  mc/s,  respectively.  These  magnetrons  operate 
at  12  kv.  and  8  amps,  peak  current  input  at  a  magnetic  field  of  650  gauss. 
Over-all  efficiency  ranges  between  30  and  40%,  which  is  better,  as  has  been 
explained,  than  that  attained  with  unstrapped  10  cm.  magnetrons.  Other 
data  of  interest  are  given  in  Table  I. 

One  feature  which  is  immediately  apparent  from  the  rated  operating 
conditions  of  the  700A-D  magnetrons  is  the  fact  that  the  ratings  are  not 
nearly  as  high  as  one  might  expect  from  the  size  of  the  magnetron.  Back 
bombardment  of  the  cathode  at  considerably  greater  input  power  could 
easily  be  handled.  The  difficulty  lay  in  the  fact  that  it  was  impossible  to 
drive  the  magnetrons  in  the  tt  mode  to  much  greater  currents  than  the  rated 
currents.  If  the  attempt  is  made  to  drive  the  magnetron  harder  it  either 
refuses  to  oscillate  at  all  or  oscillates  in  another  mode.  This  phenomenon 
has  been  the  single  deterrent  in  the  development  of  higher  power  mag- 
netrons at  wavelengths  greater  than  20  cm.  It  is  now  recognized  as  a 
starting  time  phenomenon  having  to  do  with  the  rate  at  which  oscillation 
builds  up  and  the  rate  at  which  pulse  voltage  is  applied  (see  Section  10,6 
Oscillation  Buildup- — Starting).  What  has  been  done  in  studying  the 
phenomenon  and  in  magnetron  design  to  circumvent  it  will  be  discussed  in 
some  detail  in  connection  with  the  5J26,  the  tunable  replacement  for  the 
4J21-30  series. 

In  quantity  production  the  700A-D  magnetrons  presented  new  problems, 
all  of  which  arose  because  of  its  size.  The  oxide  coated  cathode,  having  a 
relatively  large  surface  area,  gave  off  a  considerable  quantity  of  gas  during 
cathode  activation.  In  as  much  as  the  massive  copper  anode  could  be  out- 
gassed  only  by  a  long  baking  process  at  temperatures  below  the  softening 
point  of  the  glass  parts,  difficulty  with  magnetrons  "going  soft"  after  seal-ofif 
was  encountered  initially. 

The  development  of  the  700A-D  magnetrons  was  carried  on  simulta- 
neously with  early  studies  at  10  cm.  and  with  the  early  attempts  to  produce 
power  at  3  cm.  A  number  of  auxiliar>^  experiments  were  undertaken  which, 
although  they  were  not  a  part  of  the  specific  magnetron  development,  con- 
tributed results  of  considerable  value  complementary'  to  those  obtained 
at  the  shorter  wavelengths.  In  particular,  these  experiments  had  to  do 
with  the  technicjue  of  measurement  and  of  magnetron  scaling. 
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Before  the  invention  of  straps  the  700A-D  magnetrons  were  scaled  to  10 
cm,  to  explore  the  possibilities  of  a  more  efficient  magnetron  design  at  this 
wavelength.  Straps  were  introduced  before  the  completion  of  the  experi- 
ment. The  resultant  strapped  magnetron  having  six  resonators  was  very 
efficient— 60  per  cent — but  required  a  high  magnetic  field  as  can  be  seen  by- 
referring  to  equation  (16)  of  PART  I.  Like  other  magnetrons,  the  700A-D 
became  much  more  efficient  when  strapped.  At  the  normal  test  point  the 
efficiency  ranged  around  50  per  cent,  while  at  higher  magnetic  field  and  volt- 
age, 75  per  cent  over-all  efficiency  was  achieved.  The  introduction  of  straps 
into  the  manufactured  design  was  not  undertaken. 

One  further  experiment  of  interest  arose  during  the  development  of  the 
700A-D  magnetrons  from  the  desire  to  measure  the  gas  pressure  in  a  sealed- 
off  magnetron.  The  non-oscillating  magnetron  itself  was  used  as  an  ioniza- 
tion manometer.  With  the  magnetic  field  set  at  a  high  value  above  cutoff  and 
under  conditions  of  no  RF  oscillation,  electrons  which  arrive  at  the  anode  can 
do  so  only  after  having  lost  energy  by  collision  with  a  gas  molecule.  Under 
these  conditions  the  anode  current  is  directly  proportional  to  the  pressure. 

Although  by  present  standards  the  700A-D  magnetrons  might  appear 
somewhat  crude  and  inadequate,  they  nevertheless  have  an  important  place 
in  the  story  of  wartime  magnetron  development.  They  filled  an  immediate 
need  in  the  radar  system  for  which  they  were  designed,  providing  the  U.  S. 
Navy  with  a  radar  set  which  saw  service  in  a  number  of  crucial  engagements. 
Furthermore,  the  development  of  the  700x\-D  magnetrons  provided  in- 
valuable  experience. 

13.2  The  728 A- J  Magnetrons:  The  728A-J  magnetrons  were  developed 
for  fire  control  and  search  radar  systems  to  supersede  those  which  had 
used  the  700A-D  magnetrons  In  these  n  v.  systems  a  magnetron  gener- 
ator was  to  be  required  which  could  deliver  200  kw.  peak  output  power 
in  the  frequency  range  920-970  mc/s  (later  extended  to  900  mc/s). 

In  an  early  design,  the  resonator  system  had  eight  resonators  and  was 
strapped  with  wire  straps  in  the  early  British  configuration  [see  Fig.  24(a) 
of  PART  I].  The  anode  length  was  4  cm.,  the  same  as  was  used  in  the  700 
A-D,  which  on  a  wavelength  basis  was  about  2/3  that  used  in  the  British 
10  cm.  magnetron.  The  first  models  were  designed  for  operation  at  pulse 
voltages  of  about  27  kv.  When,  subsequently,  it  was  decided  to  reduce  this 
voltage,  a  redesign  involving  a  reduction  of  size  of  the  interaction  space 
became  necessar}'.  Since  more  had  been  learned  about  the  technique  of 
strapping  in  the  meantime,  it  was  decided  that  straps  of  the  double  ring 
type  [see  Fig.  24(d)  of  PART  I]  should  be  used  in  the  new  design.  At  first, 
the  straps  were  set  on  the  ends  of  the  anode  structure  projecting  into  the  end 
spaces  but  were  later  recessed  into  channels  cut  into  the  copper  resonator 
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Structure  for  the  purpose  of  electrostatic  shielding  from  electrons  in  the 
interaction  region.  The  frequency  range  required  was  spanned  by  the  use 
of  anode  structures  having  three  different  slot  widths  for  the  primary  fre- 
quency separation,  small  additional  frequency  shifts  being  obtained  by  small 
distortions  of  the  straps.  Resonant  frequencies  of  magnetron  resonator 
systems  were  now  being  determined  prior  to  sealing  for  pumping  by  measure- 
ments like  those  described  in  PART  I,  during  which  any  necessary  strap 
adjustment  could  be  made. 

The  cathode  was  a  plain,  oxide  coated,  nickel  cylinder  much  like  that 
used  in  the  700A-D  magnetrons.  The  heater  inductance  was  considerably 
higher  than  that  of  any  previous  cathode  assembly.  It  was  found  that 
sudden  and  severe  transient  conditions,  such  as  those  imposed  by  a  mo- 
mentar}'  internal  arc  between  cathode  and  anode,  would  cause  relatively 
high  voltages  to  develop  between  the  cathode  and  the  open  end  of  the  heater. 
This  could  break  down  the  heater  insulation  and  cause  either  open  or  short 
circuits.  This  difficulty  was  minimized  by  incorporating  in  the  driving 
equipment  a  condenser  across  the  heater  and  an  RF  choke  in  series  with 
the  heater.  Before  final  design  specifications  were  submitted,  the  input 
leads  and  cathode  structure  were  completely  redesigned  to  provide  greater 
rigidity  and  strength.  To  withstand  violent  shock  and  vibration,  the 
structure  was  designed  to  have  as  high  frequencies  of  mechanical  resonance 
as  possible.  The  structure  looked  much  like  that  to  be  seen  in  the  5J23 
magnetron  of  Fig.  49.  Direct  mechanical  injury  to  the  input  leads  is  pre- 
vented by  the  use  of  a  heavy  glass  housing. 

The  output  circuit  in  early  experimental  models  was  a  coaxial  type  fed  by  a 
loop  in  one  of  the  resonators.  The  central  conductor  was  a  tungsten  rod 
to  which  the  glass  seal  was  made  and  to  which  the  inner  conductor  of  the 
load  coaxial  was  clamped.  When  the  resonator  system  was  redesigned  for 
lower  voltage,  a  new  design  of  output  circuit  was  made  in  which  was  used  a 
choke  or  contact-free  load  coupling  like  that  designed  for  the  720A-E. 
This  removed  the  possibility  of  stress  being  applied  to  the  glass  of  the  output 
seal  at  either  the  inner  or  outer  conductors.  Except  for  the  critical  dimen- 
sions determined  by  frequency,  the  output  circuit  is  identical  to  that  used 
on  the  5J23  shown  in  the  photograph  of  the  cut-away  model  of  Fig.  49. 

In  Fig.  47  is  shown  a  schematic  diagram  of  this  type  of  coupling.  On  both 
inner  and  outer  conductors  an  electrical  short  circuit  is  produced  at  the  gap 
between  magnetron  and  load  coaxials  by  folded  low  impedance  coaxial 
sections  incorporated  into  the  bodies  of  the  conductors.  In  the  outer  con- 
ductor a  half  wavelength  section  folded  once  is  employed.  In  the  section 
shown  at  (a),  the  joint  is  made  at  the  current  node  in  the  choke  section  by 
the  outer  of  two  cylinders  which  project  from  the  load  end  of  the  coupler 
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into  the  magnetron  lead.  In  the  partial  section  shown  at  (b),  this  outer 
cylinder  is  not  used  and  the  joint  occurs  at  the  end  of  the  section  where  there 
is  a  current  antinode.  In  this  method  there  exists  the  greater  possibility 
of  sparking  should  the  coupling  not  be  clamped  tightly.  A  folded  quarter 
wavelength  section  is  built  into  the  inner  conductor.  If  the  wavelength  is 
short  enough,  as  in  the  5J26  and  the  720 A-E  (see  Figs.  58  and  63),  this 
section  need  not  be  folded,  the  inner  post  on  the  magnetron  center  conductor 
can  be  eliminated  and  replaced  by  a  solid  center  conductor  on  the  load  side. 


Fig.  47 — A  schematic  diagram  of  the  type  of  coaxial  output  circuit  used  in  a  number  of 
magnetrons  of  wavelength  10  cm.  or  greater.  Of  particular  interest  are  the  means  of  con- 
tact-free or  "choke"  coupling  employed  in  the  inner  and  outer  conductors,  consisting  of  a 
folded  concentric  line  section  which  presents  zero  impedance  at  the  gap  in  the  conductor, 
(a)  and  (b)  represent  two  variations'of  the  "choke"  in  the  outer  conductor  as  explained  in 
the  text. 


The  more  recent  designs  of  magnetrons  for  wavelengths  greater  than  10  cm. 
have  some  form  of  this  coupling. 

The  impedance  required  at  the  output  coupling  to  load  the  728A-J  mag- 
netrons for  sufficient  power  output  necessitated  a  rather  high  standing  wave 
in  the  output  line.  This  standing  wave  was  provided  by  a  transformer  built 
into  the  radar  system  to  which  the  magnetron  was  attached.  This  caused 
no  trouble  since  the  output  power  was  below  the  point  where  RF  voltage 
breakdown  in  air  in  the  line  or  coupling  would  occur.  The  press  of  time 
necessitated  the  adoption  of  this  output  circuit  although  "preplumbing"  by 
incorporation  inside  the  vacuum  of  the  necessary  transformer  action  for 
coupling  directly  to  a  matched  load  line  would  have  been  preferable.  Such 
a  design  was  executed  but  its  completion  came  too  late  for  its  incorporation 
into  the  manufacturing  specifications. 
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Ten  different  magnetrons,  coded  the  728A-J,  were  put  into  manufacture. 
These  covered  the  frequency  range  from  900  to  970  mc/s,  a  7  mc/s  range 
being  allotted  to  each  code  type.  The  operating  characteristics  of  the 
final  design  together  with  other  pertinent  data  are  tabulated  in  Table  I. 
An  external  view  of  the  magnetron  is  shown  in  Fig.  48.  A  maximum  current 
limitation  for  satisfactory  operation  in  the  ir  mode  was  also  encountered  in 
this  magnetron  but  at  current  values  above  the  20  ampere  operating  point 


Fig.  48 — An  external  view  of  a  728A-J  magnetron  (275  k\v.,  ^930  mc^s).  The  con- 
centric cylindrical  sleeve  to  be  seen  inside  the  output  circuit  coupling,  from  which  the  mag- 
netron is  supported,  is  a  part  of  the  "choke"  (see  Fig.  47).  Note  the  heavy  glass  protec- 
tive housing  over  the  input  leads. 

at  which  the  required  output  power  was  attained.  Because  of  the  shorter 
wavelength,  the  current  limitation  was  not  as  severe  as  that  encountered 
in  the  700 A-D. 

The  728A-J  magnetrons  were  driven  by  a  spark  wheel,  line  type  modu- 
lator. The  greater  tendency  of  the  driving  voltage  to  overshoot  with  this 
modulator,  by  virtue  of  the  slowness  of  buildup  of  RF  oscillation,  was  re- 
duced by  the  use  of  a  series  resistance  and  capacitance  network  coupled 
across  the  magnetron  input  like  that  used  earlier  with  720A-E  magnetrons 
at  10  cm. 

13.3     The  5J23  Magnetron:  The  request  for  the  Laboratories  to  develop 


280  BELL  SYSTEM  TECHNICAL  JOURNAL 

a  semiportable  radar  pack  set  and  a  searchlight  control  radar  involved  the 
desgn  of  a  new  magnetron  in  the  frequency  range  1050  to  1110  mc/s  to 
operate  at  a  maximum  pulse  voltage  input  of  25  kv.  with  power  output 
of  at  least  200  kw.  Since  these  requirements,  except  for  frequency,  were 
essentially  those  of  the  7 28 A- J  magnetrons  already  under  development, 
the  new  work  closely  paralleled  that  already  in  progress. 

Because  of  the  maximum  current  limitation  being  encountered  in  the 
development  of  longer  wavelength  magnetrons,  a  relatively  longer  anode  was 
designed  for  the  new  magnetron,  coded  the  5J23,  thus  insuring  satisfactory 
operation  at  higher  current  and  input  power.  The  resonator  system  was 
"heavily"  strapped  with  echelon  wire  straps  [see  Fig.  24(c)  in  PART  I]. 
Coarse  frequency  variation  was  accomplished  by  the  use  of  straps  at  different 
heights  above  the  surface  of  the  anode  block.  Finer  frequency  adjustments 
were  made  in  "pretuning"  the  structure,  before  seaUng,  by  small  displace- 
ments of  the  wire  straps  already  in  position. 

Output  circuit  work  on  the  5J23  was  done  together  with  that  on  the  728 
A-J  magnetrons  and  went  through  the  same  series  of  developments.  The 
output  circuit  used  in  the  manufacturing  design  is  identical  with  that  of  the 
728A-J  except  for  the  dimensions  critical  to  wavelength. 

For  operational  reasons,  only  one  magnetron,  the  5J23,  in  the  frequency 
range  1074  to  1086  mc/s,  was  coded.  Fig.  49  shows  a  cut-away  view  of  its 
internal  structure.  Performance  characteristics  and  other  data  are  to  be 
found  in  Table  I.  Note  that  the  5J23,  by  virtue  of  its  greater  anode  length 
and  higher  frequency,  has  a  higher  critical  current,  L  ,  above  which  tt  mode 
operation  fails,  than^do  the  700A-D  or  728A-J  magnetrons. 

13.4  The  4J21-30  Magnetrons:  When  development  work  on  the  5J23 
had  just  been  completed,  an  international  agreement  on  frequency  alloca- 
tion made  the  frequency  range  of  the  5J23  unavailable  for  radar  purposes 
at  some  future  date.  Consequently  the  work  was  to  be  redone  for  opera- 
tion in  the  band  1220  to  1350  mc/s.  The  5J23  and  the  equipment  in 
which  it  was  used  were  to  continue  in  manufacture  and  be  used  in  the 
period  necessary  for  the  development  of  the  new  equipment  and  magne- 
trons. In  addition  to  the  frequency  change,  power  output  demands  on 
the  magnetron  were  raised  considerably,  it  being  required  that  the  new 
magnetrons  produce  at  least  500  kw.  output  power.  Although  the  maximum 
current  limitation  had  seriously  affected  maximum  output  power  capabilities 
of  the  magnetrons  in  this  wavelength  range,  it  appeared  that  the  new  high 
power  demands  were  within  reach  by  virtue  of  the  higher  frequency  at  which 
the  new  magnetrons  were  to  operate. 

The  new  assignment  came  just  upon  completion  of  the  5J23  and  made  it 
necessary  to  build  or  acquire  new  laboratory  equipment,  C\V  oscillators, 
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wavemeters,  output  couplings,  and  loads.  On  the  other  hand,  the  new 
development  did  provide  the  opportunity  to  make  use  of  new  ideas  and 
developments,  some  of  which,  although  already  completed,  could  not  be 
used  in  magnetrons  then  in  manufacture. 

When  work  ou  this  new  series  of  magnetrons  was  commenced,  the  art 
of  magnetron  development  had  reached  the  stage  where  for  the  first  time 
it  was  possible  to  make  a  reasonably  satisfactory  approach  to  the  problem 
of  a  new  design.     The  principles  of  magnetron  scaling  had  been  worked 


Fig.  49 — A  sectioned  5J23  magnetron  (275  k\v.,  ^^1050  mc/s)  showing,  among  other 
things,  the  echelon  type  of  wire  strapping  and  coaxial  output  circuit  with  contact-free  load 
connector. 


out  and  tested  in  detail,  enabling  one  to  make  use  of  results  obtained  or 
verified  at  different  frequencies.  The  mode  frequency  spectrum  of  a 
magnetron  resonator  system  was  now  understood  and  the  means  of  con- 
trolling it  by  strapping  w^ere  in  use.  The  problem  of  the  output  circuit 
was  in  hand.  Magnetrons  were  being  "preplumbed"  and  the  problems 
of  reproducibility  were  being  solved.  Furthermore,  the  method  of  study- 
ing each  of  these  magnetron  characteristics  by  CW  measurements  on 
resonator  blocks  and  output  circuit  models  had  advanced  to  the  point  where 
it  was  possible  to  complete  a  design  in  detail  before  an  operating  magnetron 
had  been  constructed.    Such  a  procedure  was  adopted  for  the  new  series  of 
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magnetrons,  coded  the  4J21-30,  in  the  band  1220-1350  mc/s.  A  satis- 
factory resonator  system  giving  proper  operating  voltage,  tt  mode  frequency, 
and  mode  frequency  separation  was  designed  prior  to  and  incorporated  in 
the  first  operating  model.  Similarly,  a  satisfactory  output  circuit  for  proper 
loading  over  the  broad  band  of  frequencies  and  the  design  of  mechanical 
features  involved  in  the  cathode,  cathode  mount,  cooling  facilities,  output 
circuit,  straps,  and  resonator  system  were  provided. 


Fig.  50 — An  external  view  of  the  4J28  magnetron  (one  of  the  4J21-30  series,.  600  kw., 
'^1280  mc/s).     Note  the  cooling  fins  attached  to  the  magnetron  body. 

The  new  interaction  space  and  resonator  system  were  scaled  from  a  com- 
promise between  the  728A-J  and  the  5J23  designs.  Shielded,  double  ring 
straps  like  those  of  the  728A-J  were  adopted.  Two  anode  structures 
differing  somewhat  in  resonator  dimensions  and  size  of  interaction  space 
were  used,  one  for  the  short  wavelength  half  of  the  band  (4J21-25),  the  other 
for  the  long  wavelength  half  of  the  band  (4J26-30).  The  dififerent  frequen- 
cies within  each  of  these  groups  were  attained  by  the  use  of  straps  of  different 
widths. 

A  single  design  of  output  circuit  for  the  entire  frequency  range  necessitated 
making  the  transformer  properties  as  independent  of  frequency,  or  as  broad 
band,  as  possible.    The  output  circuit  has  three  parts.     At  the  outside  of  the 
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magnetron  is  the  choke  or  contact  free  coupling  to  the  load  coaxial.  The 
general  t}-pe  of  design  used  in  j^rcvious  magnetrons  was  followed  here.  The 
transformation  from  the  load  coaxial  to  the  coaxial  which  breaks  into  the 
resonator  at  the  coupling  loop  was  made  by  use  of  a  tapered  line  in  which 
the  characteristic  impedance  was  kept  constant.  The  proper  loading  was 
accomplished  by  adjustment  of  the  loop  size.  It  was  found  possible  to 
achieve  a  sutTiciently  low  loaded  Q  in  this  way  within  the  bounds  of  a  satis- 
factory- geometrical  arrangement.     Each  of  these  design  procedures  was 


Fig.  51— An  internal  view  of  a  4J21-30  magnetron  (600  k\v.,  ^^1280  mc/s).  Of  special 
interest  are  the  recessed  double  ring  straps  and  the  output  circuit  in  which  the  character- 
istic impedance  of  the  coaxial  line  from  loop  to  load  is  approximately  constant. 

carried  out  by  C\V  measurement  of  impedance,  looking  into  a  model  through 
the  output  circuit.  Special  models  of  the  tapered  line  and  choke  coupler 
were  also  studied. 

When  operating  magnetrons  were  constructed,  except  for  minor  changes, 
no  redesign  was  necessary-.  The  first  working  models  performed  satis- 
factorily at  the  required  pulse  voltage,  current,  magnetic  field,  power  out- 
put, and  pulling  figure.  It  was  possible  to  get  more  than  750  kw.  output  at 
better  than  50  per  cent  ei!iciency  from  these  magnetrons. 

An  external  view  of  the  final  design  may  be  seen  in  Fig.  50  and  a  photo- 
graph of  a  cut-away  model  in  Fig.  51.     Operational  and  other  data  are  given 
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in  Table  I.  A  typical  performance  chart  of  one  of  the  series  is  shown  in 
Fig.  52.  The  maximum  current  boundary  Hmits  the  output  to  values  well 
below  those  at  which  other  factors,  such  as  cathode  dissipation,  become 
restrictive. 


50% 
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CONSTANT    POWER  OUTPUT- KILOWATTS 

CONSTANT    OVERALL    EFriCIENCY 


10  20  30  40  50  60  70 

DC    CURRENT, I, IN  AMPERES 

Fig.  52 — A  typical  performance  chart  of  a  magnetron  of  the  4J21-25  series 
mc/s). 


4315 


During  operation  in  the  high  power,  spark  gap,  line  type  modulator  with 
which  the  magnetron  was  to  be  used,  it  was  found  that  the  pulse  voltage 
applied  to  the  cathode  input  leads  was  sometimes  sufficient  to  cause  flash- 
over.  If  the  arc  persisted,  vacuum  failure  from  cracking  or  puncturing  of 
the  glass  resulted.  The  external  flash-over  was  accompanied  by  internal 
arcs  between  cathode  and  anode  which  were  injurious  to  the  life  of  the 
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magnetron.  To  circumvent  this  ditTiculty,  the  input  leads  and  their  glass 
housing  were  redesigned.  The  glass  of  the  leads  was  lengthened  and  folded 
to  provide  a  greater  surface  distance  over  which  the  arc  must  strike. 
Although  the  redesign  was  limited  somewhat  by  the  space  available  in  the 
transmitter  unit,  it  was  possible  to  make  leads  which  could  stand  60  cycle 
peak  voltages  of  almost  twice  the  normal  pulse  voltage  applied  to  the  mag- 
netron. This  step  all  but  eliminated  flash-over  in  operation.  To  take 
care  of  the  occasional  flash-over,  a  spark  gap  across  which  the  breakdown 
could  occur  was  added  in  the  equipment. 

The  4J21-30  magnetrons  are  illustrative  of  carefully  designed  non- 
tunable  magnetrons  of  wavelengths  20  to  30  cm.  developed  at  the  Bell 
Laboratories.  They  were  the  first  magnetrons  designed  here  completely 
on  the  basis  of  CW  impedance  measurements. 

14.  Tunable  Magnetrons  for  Wavelengths  of  20  to  45  Centimeters 

14.1  General:  As  fixed  frequency  magnetrons  became  available  in  the 
various  frequency  bands  designated  for  radar  use,  the  interest  quite  naturally 
turned  to  the  development  of  tunable  magnetrons.  The  operational  rea- 
sons for  this  were  to  enable  one  to  set  the  frequency  of  a  radar  system  at  will, 
thus  avoiding  interference  between  sets  in  a  large  group  of  aircraft  on  naval 
vessels,  to  enable  one  to  vary  the  frequency  at  will  from  time  to  time  or  as 
the  need  arises  to  avoid  jamming,  and  to  permit  the  stocking  of  fewer  mag- 
netrons to  cover  a  given  frequency  band. 

Early  work  on  tunable  magnetrons  at  the  Bell  Laboratories  was  done 
with  10  cm.  models.  Although  no  such  developments  were  carried  to  the 
stage  of  production,  the  ideas  and  techniques  evolved  were  used  at  other 
frequencies.  Somewhat  later  the  Bell  Laboratories  committed  itself  to  a 
program  of  development  of  tunable  magnetrons  for  pulsed  radar  use  in  the 
20  to  45  cm.  wavelength  range. 

The  program  initially  was  not  directed  toward  the  goal  of  some  particular 
magnetron  of  fixed  specifications.  Rather,  it  was  the  intention  to  explore 
the  field  of  possible  tuning  methods  and  to  find  that  one  which  appeared  both 
electrically  and  mechanically  to  be  best  suited  for  large  magnetrons.  Work 
in  this  initial  stage  was  done  on  anodes  of  the  4J21-30  series  and  may 
be  divided  into  two  main  channels  characterized  by  the  degree  of  symmetry 
involved  in  the  tuning  scheme.  In  one,  the  tuning  of  the  entire  anode  block 
is  accomplished  by  modification  of  a  single  one  of  the  resonators  and  may 
thus  be  characterized  as  unsymmetrical  tuning.  In  the  other,  each  resonator 
of  the  multiresonator  block  is  tuned  in  a  symmetrical  fashion. 

Among  the  unsymmetrical  types  studied  were  those  employing  an  auxiliary 
loop  in  one  resonator  connected  to  a  reactive  element  which  could  be  either  a 
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coaxial  line  terminated  in  a  plunger  or  a  variable  capacitance,  or  a  coaxial 
to  wave  guide  junction  with  movable  plungers  in  the  wave  guide.  Another 
form  involved  the  deformation  of  one  of  the  resonators  itself  to  accommo- 
date a  prism  shaped  tuning  element  which  was  moved  from  outside  the 
vacuum  through  a  diaphragm  arrangement. 

Although  considerable  effort  was  expended  in  the  study  of  unsymmetrical 
tuning  schemes  and  much  learned  about  them  in  the  course  of  this  work, 
they  have  two  rather  fundamental  drawbacks  which  caused  them  to  be 
replaced  by  the  symmetrical  types  in  which  these  defects  could  be  elimi- 
nated. In  the  first  place,  it  is  difficult  by  this  means  to  obtain  the  desired 
range  of  frequency  change.  Secondly,  by  virtue  of  asymmetr}^,  operation 
in  other  modes  is  difl&cult  to  avoid  except  over  rather  narrow  frequency 
ranges.  Those  ty^es  in  which  part  of  the  tuning  circuit  is  outside  the 
vacuum  envelope  have  the  additional  drawback  of  bringing  high  RF  volt- 
ages into  structures  in  air  where  very  high  standing  waves  are  necessar>'  and 
breakdown  difficult  to  avoid. 

It  was  found  possible  to  circumvent  each  of  these  difficulties  by  using 
symmetrical  tuners.  Some  such  tuners  were  like  those  tried  on  10  cm. 
models  and  involved  spider-like  straps  connecting  alternate  segments  to  two 
common  points  on  the  axis  of  the  tube.  These  points  in  turn  were  con- 
nected to  the  center  and  outer  conductors  of  a  coaxial  line.  After  passing 
through  a  vacuum  seal,  this  coaxial  line  connected  to  a.  reactor  like  those 
used  in  the  unsymmetrical  schemes. 

In  the  general  arrangement  finally  used,  a  tuning  member  was  mounted 
in  the  end  space.  The  structure  included  a  vacuum  diaphragm  mounted 
in  the  end  cover  of  the  magnetron.  The  tuning  was  effected  by  variation 
of  the  capacitance  between  the  resonator  system  and  the  tuning  member. 

In  unstrapped  magnetrons,  the  tuning  was  accomplished  by  moving  a 
tuning  member  of  the  general  shape  of  a  ''cookie  cutter"  in  a  single  groove 
cut  into  the  slotted  portion  of  the  anode  structure.  Later,  this  range  was 
increased  by  using  two  slots  and  a  tuning  member  having  two  concentric 
rings.  This  type  of  tuner  was  used  on  both  the  4J42  and  4J51  magnetrons 
to  be  discussed.  It  is  the  first  of  the  two  types  of  tuning  by  variation  of 
capacitance  discussed  in  PART  I  of  this  paper.  Considerable  effort  was 
expended  to  extend  the  frequency  range  of  tuning  by  strapping  the  untuned 
end  of  the  resonator  system  and  by  variations  of  the  resonator  dimensions 
on  which  relative  mode  frequencies  depend.  It  was  found  possible  to  obtain 
a  tuning  range  of  better  than  ±5  per  cent,  but  it  appears  quite  difficult 
to  exceed  this  amount  appreciably  in  high  voltage  magnetrons  using  this 
tuning  means. 
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In  the  strap  tuning  scheme,  use  was  made  of  straps  of  channel  or  U-shaped 
cross  section,  inside  which  the  double  rimmed  "cookie  cutter"  element  is 
moved.  The  tuning  arrangement  of  the  5J26  magnetron  is  of  this  type.  It 
is  the  second  of  the  two  types  of  tuning  by  variation  of  capacitance  dis- 
cussed in  PART  I. 

Quite  early  in  this  program  of  development  it  became  apparent  that  the 
armed  services  would  require  all  these  tunable  magnetrons  to  be  mechanical 
and  electrical  replacements  for  e.xisting  ILxed  frequency  magnetrons,  inter- 
changeable in  all  respects.  This  requirement,  in  addition  to  the  facts  of 
electrical  design,  indicated  that  the  "cookie  cutter"  type  of  tuner  repre- 
sented the  line  of  attack  most  likely  to  succeed.  The  capacitance  in  the 
anode  structure  or  in  the  straps  is  the  frequency  determining  circuit  param- 
eter most  easily  varied,  as  it  is  the  most  accessible  in  these  large  size  mag- 
netrons. The  tuning  element  may  be  moved  conveniently  by  a  mechanism, 
compact  in  the  axial  dimension,  mounted  in  the  end  space  and  cover  of  the 
magnetron.  These  are  factors  of  prime  importance  in  "unpackaged" 
magnetrons  where  over-all  axial  length  is  important.  IMagnetrons  in  this 
wavelength  range  are  sufficiently  large  to  make  such  a  mechanical  design 
feasible. 

The  magnetrons  of  wavelength  20  to  45  cm.  for  which  tunable  replace- 
ments were  designed  were:  the  700A-D  series  (680-720  mc/s),  the  728A-J 
series  (900-970  mc/s),  and  the  4J21-30  series  (1220-1350  mc/s).  Although 
it  was  preferable  to  span  the  4J21-30  band  with  one  tunable  replacement,  the 
use  of  two  tunable  replacements,  each  covering  half  the  band,  would  have 
been  satisfactory  had  it  been  necessary.  In  the  development  of  each  of  the 
tunable  replacements,  improvements  and  modernizations  which  could  be 
incorporated  within  the  limitations  of  mechanical  and  electrical  interchange- 
ability  were  made. 

14.2  The  4J42  Magnetron:  The  tunable  replacement  for  the  700A-D 
series  is  the  4J42.  It  covers  an  increased  frequency  band  of  660  to  730  mc/s. 
The  tuning  is  accomplished  by  variation  of  the  intersegment  capacitance  of 
the  anode  structure  itself,  the  first  of  the  two  capacitance  tuning  methods 
listed  above.  Frequency  varies  nearly  linearly  with  displacement  of  the 
tuning  member.  The  tuning  range,  although  adequate  for  the  purposes  of 
the  4J42,  is  limited  by  interference  of  other  modes  as  was  discussed  in  PART 
I.  In  this  respect  it  is  not  a  great  deal  better  than  can  be  attained  by  un- 
symmetrical  means.  The  advantages  of  symmetrical  capacitance  tuning 
enumerated  above  made  it  the  logical  choice  nevertheless.  A  satisfactory 
tuning  range  of  the  tt  mode  without  interference  from  other  modes  was 
achieved  by  strapping  the  end  of  the  magnetron  opposite  that  at  which  the 
tuning  mechanism  is  mounted.     This  necessitated  changes  in  the  resonator 
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dimensions  of  the  700A-D  magnetrons  to  obtain  the  frequency  range  de- 
sired. The  cathode  structure  was  improved,  making  use  of  later  develop- 
ments. Its  diameter  was  changed  from  0.8  cm.  to  1.0  cm.  in  order  to  increase 
the  maximum  current  to  which  operation  in  the  ir  mode  is  possible.  The 
anode  diameter  was  retained;  the  operating  conditions  were  not  appreciably 
affected.     It  was  necessary  to  retain  the  original  form  of  output  circuit. 


Fig.  53 — The4J42  tunable  magnetron  (40  kw.,  660  to  730  mc/s) — the  tunable  replacement 
for  the  700A-D  magnetrons.  The  worm  drive  in  the  mounting  bracket  operates  the 
tuning  mechanism  enclosed  in  the  end  cover  of  the  magnetron.  Note  the  improved  input 
leads  and  protective  housing  (see  Fig.  46). 


In  Fig.  53  is  shown  an  external  view  of  the  4J42.  In  Table  I  are  given 
operational  data  and  other  characteristics.  The  performance  of  the  4J42 
is  as  good  or  better  than  that  of  the  corresponding  magnetron  in  the  700A-D 
series. 

14.3  The  4J51  Magnetron:  The  728A-J  series  of  fixed  frequency  mag- 
netrons was  replaced  by  the  4J51,  covering  the  frequency  band  of  900  to 
970  mc/s.  An  external  view  of  the  magnetron  is  shown  in  Fig.  54,  As  in 
the  4J42,  the  resonator  system  is  a  modification  of  that  used  in  the  fixed 
frequency  prototype,  strapped  on  the  untuned  end  by  double  ring  strapping. 
Satisfactory  mode  frequency  separation  is  maintained  by  increasing  the 
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strap  capacitance  of  the  single  pair  of  rings  to  approximately  twice  that  of 
one  pair  in  the  728A-J.  The  tuning  scheme  is  the  same  as  that  used  in  the 
4J42.     It  may  be  seen  in  the  photograph  of  a  cut-away  model  in  Fig.  55. 

The  output  circuit  of  the  4J51  incorporated  the  broad  band  transformer 
properties  developed  for  the  output  circuit  of  the  4J21-30  series.  This 
necessitated  a  larger  loop  size  in  the  4J51  than  was  used  in  the  728A-J. 


Fig.  54— The  4J51  tunable  magnetron  (275  lew.,  901)  to  970  mc/s)— the  tunable  re- 
placement for  the  728A-J  magnetrons. 

These  features  may  be  seen  in  Fig.  55.  The  output  circuit  was  designed  for 
coupling  to  a  matched  load  line. 

Table  I  includes  relevant  data  on  the  4J51  magnetron.  In  Fig.  56  are 
shown  power  output  and  mode  frequency  tuning  curves  for  the  magnetron. 
Fig.  56  may  be  taken  as  representative  of  the  type  of  tunable  magnetron 
in  which  the  intersegment  capacitance  of  the  resonator  system  is  varied. 
The  frequency  range  is  limited  by  the  crossing  of  the  t  mode  frequency 
cur\-e  by  those  of  other  modes.  The  power  output  is  reduced  appreciably 
at  the  crossing  point  of  the  n  =  3  mode  component.  Throughout  its  tuning 
range,  indicated  in  Fig.  56,  the  4J51  magnetron  operates  as  well  or  better 
than  its  fixed  frequency  predecessors. 

14.4     The  5J26  Maguetron:    Replacement  of  the  4J21-30  series  of  mag- 
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netrons  with  a  tunable  equivalent  necessitated  a  tuning  range  which  was 
found  to  be  unattainable  with  the  scheme  used  in  the  4J42  and  4J51  mag- 
netrons. Two  tunable  replacements  employing  the  "tuned  segment"  type 
of  tuning,  each  spanning  half  the  band,  were  constructed  as  "insurance" 
should  the  efforts  to  develop  a  single  replacement  having  the  required  range 
fail.     However,   it  was  found  that  by  tuning  the  straps  as  has  been  de- 


Fig.  55 — A  view  of  a  cut-away  4J51  tunable  magnetron  (275  kw.,  900  to  970  mc/s). 
Note  the  tuning  member  consisting  of  two  concentric  rings  which  are  moved  up  and  down 
in  the  grooves  in  the  segments  of  the  anode  structure.  The  details  of  the  tuning  drive 
mechanism,  including  the  flexible  vacuum  diaphragm,  the  axial  screw,  the  nut  and  ball 
bearing,  and  the  gear  drive  are  to  be  seen.  The  resonator  system  is  strapped  on  the  end 
not  seen  in  the  figure. 


scribed  in  PART  I  a  single  tunable  magnetron  for  the  entire  4J21-30  series 
covering  the  band  from  1220  to  1350  mc/s  could  be  provided.  An  e.xternal 
view  of  the  resulting  magnetron,  coded  the  5J26,  is  shown  in  Fig.  57  and 
an  internal  view  in  Fig.  58. 

As  can  be  seen  in  Fig.  58,  the  5J26  magnetron  includes  radical  departures 
in  design  in  addition  to  the  tuning  scheme.  Slot  type  resonators  are  used 
in  the  resonator  system,  and  the  anode  and  cathode  diameters,  as  well  as 
their  ratio,  are  considerably  larger  than  those  used  in  previous  designs  for  the 
same  operating  voltage  and  magnetic  field.     These  features  of  the  design 
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resulted  from  a  systematic  study  of  the  causes  of  and  possible  cures  for  the 
maximum  current  Hmitation  encountered  in  long  wavelength  magnetrons. 
The  difficulty  had  been  particularly  noticeable  in  the  4J21-30,  which  on 


^ 

Po 

^^ 

A 

if 

1 

u 

(a) 

05  1.0  1. 

TUNER   POSITION   IN 


5  2.0  2.5  3.0  3.5 

MM.     (MEASURED  FROM   MAXIMUM   INTRUSION) 


Fig.  56— Typical  experimental  curves  of  power  output  and  mode  frequency  variation 
with  tuner  position  in  the  4J51  magnetron.  The  following  points  of  interest  are  to  be 
noted:  the  relatively  more  rapid  tuning  for  modes  of  small  n  than  for  the  tf  mode  («  =  4); 
the  drop  in  out[)ut  power  at  the  coincidence  of  the  frequencies  of  the  tt  mode  and  one  of  the 
components  of  the  n  =  1  mode;  the  limitation  on  the  tuning  range  in  the  tt  mode  imposed 
by  the  crossing  of  mode  frequency  curves  of  other  modes;  the  fact  that  the  n  =  1,  2,  and 
3  modes  are  doublets  and  the  tt  mode  a  singlet. 

hard  tube  modulators  were  able  to  pass  the  required  current  before  x  mode 
failure  with  little  margin.  For  some  reason  the  performance  of  the  early 
experimental  models  of  the  tunable  replacement  was  considerably  inferior 
in  this  respect  and  would  not  meet  the  specifications  for  which  the  magnetron 
was  being  designed.     Thus  a  study  of  the  phenomenon  was  imperative.     It 
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resulted  in  the  5J26  magnetron.  It  dictated  the  nature  of  the  interaction 
space  and  resonator  system  and  thus  the  cathode  size  and  output  coupUng 
loop.  Initial  experiments  were  performed  with  a  vane  type  resonator 
system  [see  Fig.  21(b)]  having  channel  straps  and  an  interaction  space  of 
approximately  the  size  used  in  the  4J21-30  series. 

From  studies  of  dynamic  V-I  plots  on  the  experimental  tunable  models 
and  other  magnetrons  under  a  variety  of  operating  conditions,  it  became 
clear  that  the  phenomenon  had  to  do  with  the  rate  of  buildup  of  RF  oscilla- 


Fig.  57— The  5J26  tunable  magnetron  (600  k\v.,  1220  to  1350  mc/s)— the  tunable  re- 
placement for  the  4J21-30  magnetrons. 

tion  in  the  tt  mode  and  with  the  rate  of  rise  of  the  applied  DC  voltage.  The 
"mode  skip"  shown  in  the  sequence  of  V-I  plots  of  Fig.  38  and  discussed  in 
PART  I  is  an  example  of  the  behavior  of  one  of  the  experimental  models 
used  in  this  work  when  failure  to  oscillate  in  the  tt  mode  occurs. 

Thus  at  constant  magnetic  held  there  appears  to  be  a  maximum  DC  volt- 
age above  which  w  mode  oscillation  is  impossible.  This  voltage  is  presum- 
ably that  beyond  which  the  mean  angular  velocity  of  the  electrons  around 
the  interaction  space  becomes  enough  greater  than  that  of  the  traveling  field 
component  for  the  phase  focusing  to  fail  to  maintain  synchronism.  The 
term  "maximum  current  hmitation"  is  thus  in  a  sense  a  misnomer  as  Fig. 
38(b)  indicates.     Here,  ir  mode  oscillation  fails  even  to  start  and  does  not 
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fail  at  a  maximum  current  on  each  pulse.  The  point  at  which  tt  mode  oscilla- 
tion fails  thus  has  to  do  with  the  relation  of  the  rate  of  rise  of  DC  voltage 
through  tlie  range  of  permissible  values  to  the  rate  of  buildup  of  RF  oscilla- 
tion. As  one  attempts  to  drive  the  magnetron  harder  by  applying  greater 
peak  voltages  to  it,  the  rate  of  voltage  rise  in  this  region  becomes  greater, 
linally  exceeding  that  which  the  rate  of  RF  voltage  buildup  will  permit. 


Fig.  58  A  view  of  a  sectioned  5J26  tunable  magnetron  (600  k\v.,  1220  to  1350  nic/sj. 
Note  that  the  tuning  member,  consisting  of  two  concentric  rings,  is  moved  up  and  down 
inside  the  two  recessed  channel  straps  by  a  mechanism  like  that  in  the  4J51  magnetron 
(see  Fig.  55).  Compare  the  interaction  space  geometry  and  shape  of  resonators  with  those 
of  the  fixed  freciuency  4J21-30  magnetrons  (Fig.  51),  the  changes  having  been  made  to 
achieve  better  starting  characteristics  as  explained  in  the  text.  Note  also  the  enlargement 
of  the  output  resonator  to  accommodate  the  coupling  loop,  the  RF  chokes  incorporated  in 
the  cathode  support  leads,  and  the  large  input  lead  construction  to  prevent  external 
flashover. 


The  phenomenon  of  ir  mode  failure  was  studied  as  a  function  of  five 
parameters: 

1.  magnetic  field,  B; 

2.  frequency,/; 

3.  ratio  of  cathode  to  anode  radn,  —  ; 


4.  load  conductance,  Ga  ; 


dV 


5.  rate  of  DC  voltage  rise,  --t-  . 

at 
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The  results  were  found  to  fit  well  into  the  picture  of  starting  time  behavior 
discussed  in  PART  I.  Thus,  increase  of  frequency  and  decrease  of  load 
both  result  in  a  greater  rate  of  RF  voltage  buildup  and  permit  a  greater  rate 
of  rise  of  DC  voltage  through  the  range  where  oscillation  starts.  The  mag- 
netron may  thus  be  driven  harder  and  more  current  passed.  In  agreement 
with  these  results,  changes  in  the  rate  of  voltage  rise  applied  by  the  pulser, 
accomplished  by  changing  its  characteristics,  also  permitted  oscillation  to 
continue  to  higher  current  and  voltage  values.  The  dependence  on  B  and 
rc/ra  presumably  are  to  be  accounted  for  by  the  dependence  of  GeiVRp)  on 
these  quantities.     It  appears  that  GeiVRf)  increases  with  both  B  and  Tc/ra. 

Empirical  relations  of  the  critical  current,  h  ,  and  the  electronic  efficiency, 
77e ,  at  which  x  mode  failure  occurs,  to  the  load  conductance,  Gs ,  were  ob- 
tained.-^   Whereas  /c  decreases  with  increasing  Gs ,  Ve  decreases. 

Since  the  work  was  done  at  different  frequencies  and  interaction  space 
geometries,  it  was  found  convenient  and  instructive  to  express  voltages, 
currents,  and  conductances  as  reduced  variables  of  the  type  introduced  by 
Slater,  that  is,  as  ratios  to  the  voltage,  Vo ,  and  current,  h  ,  at  the  intersection 

of  the  Hartree  line  and  the  cutoff  parabola,  and  the  conductance,  Go  =  t^  , 

'    O 

respectively,  /o  and  Vo  may  be  determined  from  the  expressions  for  the 
cut-off  parabola  and  the  Hartree  line  [expressions  (8)  and  (16)  of  PART  I, 
respectively].  Plotted  in  terms  of  the  reduced  variables  7c//o  and  Gs/Go  , 
it  was  found  that  the  data  relating  h/Io  to  Gs/Go  and  Tje  to  Gs/Go  pre- 
dicted approximately  the  same  relationship  independent  of  frequency  and 
rc/ra.  .  Thus,  quite  independent  of  the  fundamental  significance  of  these 
particular  reduced  variables  to  the  functional  dependence  of  the  quantities 
involved,  it  appeared  that  they  would  be  useful  in  the  design  of  a  new 
magnetron  whose  design  parameters  would  lie  in  or  near  the  range  for  which 
data  were  available. 

The  purpose  of  the  work  was  to  produce  a  tunable  magnetron  which 
would  operate  satisfactorily  to  currents  in  excess  of  those  needed  to  meet 
the  power  output  specifications.  It  was  hoped  to  do  this  by  redesign  of  the 
magnetron  itself.  This  course  rejected  as  unsatisfactory  the  alternative  of 
limiting  the  rate  of  voltage  rise  on  each  equipment  with  which  the  mag- 
netron would  be  used.  The  general  goal  of  the  proposed  changes  in  mag- 
netron design  were  to  increase  the  rate  of  buildup  of  RF  oscillation  while 
at  the  same  time  keeping  the  electronic  efficiency  at  a  reasonably  high  value. 
These  goals  are  not  independent  but  oppose  one  another  as  has  been  seen. 
Thus,  if  fc/^a  is  increased,  h  increases,  but  Tje  decreases.  If  Gs  is  increased 
to  increase  r]e ,  h  drops.     The  hope  of  success  in  the  venture  lay  in  the  prob- 

Y  1 

25  Gg  was  determined  from  the  relation  G,  =  77^  =] — 7^-  [see  equation  (36)  of  PART 

I],  using  a  calculated  value  for  the  total  resonator  inductance  and  the  measured  value  of 
the  loaded  Q. 
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ability  that  these  effects  do  not  exactly  cancel  one  another  and  that  a  net 
improvement  in  performance  could  be  effected. 

The  design  of  the  5 J26  was  accomplished  in  the  following  way :  The  slot 
type  resonator  was  chosen  as  it  possesses  a  low  value  of  inductance  needed 
to  give  a  high  value  of  Ga  for  a  given  value  of  loaded  Q}^  The  number  of 
resonators  was  chosen  to  be  eight,  the  anode  length  of  the  4J2 1-30  retained, 
and  the  design  carried  out  at  Ql  =  150  and/  =  1220  mc/s.  The  empirical 
relations  used  were  that  relating  Ic/h  to  GjGo  ,  that  relating  jje  to  GJG^  , 
and  the  equation  of  a  constant  B  line  on  the  performance  chart  obtained  for 
the  4J21-30.  In  addition  to  the  definitions  of  Gs  ,  ^o  ,  ^o  ,  and  Go,  there  were 
to  be  met  the  operating  conditions  of  F  =  27  kv.,  /  =  46  amps.,  and  B  = 
1400  gauss,  as  well  as  a  maximum  value  for  the  over-all  diameter  of  the 
resonator  system  dictated  by  interchangeability.  The  value  of  resonator 
inductance  was  calculated  for  a  terminated  parallel  plate  line.  With  the 
choice  of  h  =  60  amps.,  the  above  mentioned  conditions  could  be  solved 
numerically  to  give  a  definite  set  of  design  parameters.  The  anode  and 
cathode  radii,  resonator  length,  and  thus  unstrapped  wavelength  were 
determined.  The  straps  were  designed  to  achieve  the  proper  frequency 
and  to  provide  sufficient  tuning  range  with  the  tuning  means  employed.  The 
ratio  rc/ra  was  determined  as  0.546,  considerably  in  excess  of  the  value 
0.375  in  the  4J21-30  magnetrons. 

The  output  circuit  of  the  5J26  magnetron  was  similar  to  that  used  in  the 
other  tunable  magnetrons  of  long  wavelength.  It  employed  the  broad  band 
design  of  external  coupling  and  transition  section  to  the  coupling  loop.  The 
size  of  the  loop  was  dictated  by  the  coupling  required  to  provide  a  Ql  of 
approximately  150.     It  may  be  seen  in  Fig.  58. 

The  input  leads  of  the  5J26  magnetron  were  of  new  design,  incorporating 
chokes  in  the  leads  to  prevent  leakage  of  RF  energy  picked  up  on  the  cath- 
ode, and  large  size  center  conductor  to  minimize  RF  voltage  breakdown  on 
the  input  leads. 

The  significant  design  and  operating  data  for  the  5J26  magnetron  are 
included  in  Table  I.  This  magnetron  design  provided  a  single  tunable 
replacement  of  superior  performance  for  the  entire  4J21-30  series.  In  Fig. 
59  are  shown  curves  of  mode  frequency  tuning  throughout  the  w  mode  tuning 
range,  indicating  that  in  the  strap  tuning  method  difficulties  with  mode 
frequency    interference    are    avoided. 

15.  Magnetrons    for    Wavelengths    near    10    Centimeters — 
UNDER  200  Kilowatts 

15.1  The  706 A-C  and  7 MA  Magnetrons:  The  work  in  the  wavelength 
region  near  10  cm.,  described  in  Section  12,  was  continued  in  the  study 
of  variations  from  the  British  design.     For  the  most  part  these  early  studies 
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had  to  do  with  the  electron  interaction  space  and  the  resonator  system. 
Later,  when  driving  equipment  became  available,  life  studies  were  started. 
In  the  main  this  work  showed  the  British  design  to  be  a  very  nearly  opti- 
mum as  an  unstrapped  magnetron.    Consequently  the  series  of  magnetrons 
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Fig.  59 — Curves  of  mode  frequency  variation  with  tuner  position  in  the  5J26  mag- 
netron. The  curve  for  M  =  4  is  experimental,  those  for  «  =  1,  2,  and  3  have  been  calculated 
from  an  equivalent  circuit  theory  of  the  resonator  system  (doublet  structure  nut  shown). 
Note  the  large  mode  frequency  separation  and  the  complete  freedom  of  the  ir  mode  from 
interference  by  other  modes  (comi)are  Fig.  56). 

having  wavelengths  near  10  cm.  which  were  coded  for  American  manufac- 
ture were  similar  to  the  British  prototype.  The  experiments  and  calcula- 
tions which  had  been  made  constituted  a  body  of  valuable  information  to 
be  used  later  in  departing  from  the  original  design. 
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The  variations  in  the  resonator  system  of  the  British  magnetron  were 
made  primarily  for  the  purpose  of  studying  the  parameters  affecting  fre- 
quency of  operation.  Magnetrons  were  built  incorporating  such  variations 
as  dimensional  changes  in  the  hole  and  slot  resonators;  the  use  of  other 
forms  of  resonators  such  as  slot  resonators;  and  variations  of  factors  affecting 
the  coupling  between  adjacent  resonators,  as,  for  example,  the  volume  of  the 
end  space  region  between  the  ends  of  the  resonator  system  and  the  end  covers 
of  the  magnetron.  A  series  of  magnetrons  was  built  having  from  four  to  ten 
resonators,  including  odd  numbers,  but  the  majority  of  the  experimentation 
was  done  with  eight  resonators  as  in  the  original  system. 

Besides  affecting  frequency,  most  of  these  resonator  changes  markedly 
affected  the  electronic  operation  as  well.  Undoubtedly  this  was  the  result 
of  changes  occurring  in  the  mode  frequency  distribution.  At  the  time,  the 
signilicance  of  this  distribution  to  magnetron  operation  was  not  fully  appre- 
ciated nor,  indeed,  was  it  known  for  these  magnetrons.  As  discussed  in 
PART  I  in  connection  with  curve  (a)  of  Fig.  25,  it  was  later  found  that  the 
frequencies  of  several  modes  including  the  tt  mode  were  very  nearly  equal, 
making  the  electronic  operation  quite  sensitive  to  the  exact  nature  of  the 
frequency  distribution.  This  made  the  experiments  difficult  to  interpret. 
None  of  the  resonator  systems,  involving  only  changes  in  anode  length  and 
diameter  with  corresponding  changes  in  the  cathode,  appeared  to  be  appre- 
ciably better  than  that  in  the  British  magnetron. 

In  one  rather  important  experiment  the  cathode  diameter,  and  thus  rjr^ , 
was  varied  to  determine  the  value  for  optimum  efficiency  using  the  British 
anode  dimensions.  The  result,  confirmed  later  by  comparison  with  British 
work,  showed  the  original  dimensions  to  be  very  nearly  optimum. 

Some  variations  of  the  output  coupling  to  the  resonator  system  were  also 
tried.  In  one  such  variation  the  coupling  loop  was  placed  in  the  end  space 
of  the  magnetron  between  two  resonators.  In  this  position  the  loop  was 
coupled  magnetically  by  the  flux  linking  the  two  adjacent  resonators,  as  well 
as  directly  by  virtue  of  the  fact  that  the  end  of  the  loop  is  fastened  to  the 
anode  segment  (see  the  discussion  of  output  coupling  in  PART  I).  It  will 
be  recognized  that  this  type  of  coupling  is  that  used  later  in  the  700A-D 
magnetrons.  The  output  circuits  in  the  first  American  10  cm.  magnetrons 
were  like  those  in  the  British  design. 

The  constructional  techniques  used  in  the  British  magnetron  were  fol- 
lowed with  some  variations.  The  most  bothersome  technique  was  that  of 
making  the  vacuum  seals  between  the  end  covers  and  the  body  of  the 
magnetron.  This  was  done  by  means  of  tin  plated  gold  ring  seals  between 
the  members.  Little  difficulty  was  encountered  with  this  seal  in  produc- 
tion, however,  and  it  was  used  throughout  the  production  at  the  Western 
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Electric  Co.  of  10  cm.  magnetrons  under  200  kw.  output  power. 

The  first  unstrapped  magnetrons  coded  for  manufacture  by  the  Western 
Electric  Co.  were  the  706A-C  for  frequencies  near  3060  mc/s  (9.8  cm.). 
The  frequency  differences  were  achieved  by  small  changes  in  the  resonator 
slot  widths.  Another  magnetron,  the  714A,  oscillating  at  3300  mc/s  (9.1 
cm.)  was  also  coded  at  this  time.  It  differed  from  the  others  in  having 
slightly  smaller  resonator  holes.  These  magnetrons  were  used  in  some  of  the 
earliest  American  ship  and  airborne  radar  systems.  A  set  of  typical  operat- 
ing data  is  included  in  Table  II. 

The  improvement  in  measured  over-all  efficiency  to  approximately  25 
per  cent  was  undoubtedly  the  result  of  improvements  in  the  technique  of 
operation  and  of  measuring  the  output  power.  Unlike  the  measurement  of 
frequency,  for  which  good  techniques  were  already  available,  the  measure- 
ment of  output  power  initially  was  crude  and  unreliable.  At  first,  esti- 
mates of  power  were  based  on  the  heating  of  resistors  to  incandescence,  with 
no  assurance  that  all  the  power  was  being  dissipated  in  this  load.  The 
production  of  corona  has  always  been  spectacular  evidence  of  RF  power. 
Later,  when  water  load  techniques  were  used,  all  the  power  could  be  ab- 
sorbed and  measured.  Means  of  line  tuning  permitted  the  adjustment  of 
the  magnetron  load  impedance  to  the  point  of  maximum  output  power  even 
though  the  impedance  itself  was  unknown. 

Some  preliminary  studies  of  magnetron  tuning  were  made  as  auxiliary 
experiments.  With  one  or  more  extra  coupling  loops  terminated  externally 
in  adjustable  coaxial  tuners,  tuning  ranges  of  2  to  4  per  cent  were  achieved. 

15.2  The  706AY-GY,  7 MAY,  and  718AY-EY  Magnetrons:  A  signifi- 
cant improvement  in  the  multiresonator  magnetron  was  the  method  of 
strapping,  used  by  the  British  as  a  means  of  achieving  mode  frequency 
separation  (see  discussion  in  PART  I).  When  used  in  the  resonator  system 
of  the  706A-C  magnetrons,  the  early  British  "mode  locking  straps"  in- 
creased the  TT  mode  wavelength  from  9.8  cm.  to  10.7  cm.  and  resulted  in  an 
increase  in  operating  efficiency  by  about  a  factor  of  two  with  much  more 
freedom  from  "moding"  difficulties.  Here  was  a  really  worthwhile  advance 
and  no  time  was  lost  in  making  use  of  it.  The  resultant  strapped  magnetron, 
oscillating  at  10.7  cm.  wavelength,  was  used  directly  as  the  basis  for  a  new 
family  of  magnetrons  of  wavelength  near  this  value.  These  were  coded  as 
the  718AY-EY  series.  The  cathode,  output  circuit,  and  general  mechan- 
ical features  of  the  706A-C  were  adopted  essentially  without  change.  Ex- 
periments like  those  done  on  the  original  British  design,  when  repeated  on 
strapped  magnetrons,  indicated  the  design  parameters  still  to  be  close  to 
optimum.     The  cathodes  used  were  plain,  oxide  coated,  nickel  cylinders. 
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No  particular  precautions  were  taken  to  protect  the  active  coating.  Even 
so,  lives  both  in  the  laboratory  and  in  the  field  were  shown  to  be  well  over 
2000  hours.  Much  later,  the  mechanical  structure  of  the  cathode  and  its 
support  was  improved  and  a  heavy  glass  protective  housing  designed  to 
cover  the  input  leads.  The  performance  chart  of  Fig.  17  in  PART  I  is  that 
of  one  of  the  718AY-EY  series.  Other  data  concerning  these  magnetrons 
are  given  in  Table  II. 

Quite  early  in  the  study  of  the  multicavity  magnetron  it  had  been  realized 
that  the  mode  frequency  distribution  of  the  resonator  system  is  very  im- 
portant to  efficient  operation.  Evidence  had  accumulated  which  indicated 
that  something  needed  to  be  done  to  suppress  all  but  one  mode  of  oscillation. 
Attempts  at  influencing  mode  frequency  separation  were  made  in  which 
flu.xbarriers  or  partitions,  either  complete  or  partial,  were  used  in  the  end 
spaces  of  the  resonator  system.  These  included  what  was  essentially  the 
distortion  of  the  structure  into  the  form  of  the  so-called  "serpentine"  men- 
tioned in  PART  I.  Although  striking  changes  in  operation  were  produced, 
supporting  the  basic  contention  that  there  are  more  ways  of  doing  a  thing 
wrong  than  right,  worthwhile  improvements  were  not  achieved. 

Following  the  confirmation,  here  and  elsewhere,  of  the  British  results 
with  strapping  and  the  coding  of  the  series  of  718AY-EY  magnetrons, 
intensive  work  was  started  in  the  general  investigation  of  the  modes  of  the 
magnetron  resonator  system  and  their  relation  to  the  .various  possible 
methods  for  strapping.  This  work  involved  the  determination  of  the  mode 
patterns  for  mode  identification,  the  technique  for  which  was  consequently 
developed.  \'arious  strapping  schemes  were  devised,  built  into  magnetron 
resonator  systems,  and  studied.  Among  these  were  the  echelon  strapping 
also  used  by  the  British,  single  and  double  ring  strapped  systems,  and 
diametral  straps  which  were  adaptable  to  external  tuning  of  the  magnetron. 
The  importance  of  strap  shielding  and  strap  assymmetries  discussed  earlier 
were  brought  out  in  these  studies.  The  effects  of  end  space  volume  and 
anode  length  on  mode  frequency  distribution  for  given  strapping  systems 
were  also  studied. 

Strapping  made  possible  greater  tuning  ranges  with  tunable  magnetrons. 
Efficient  magnetrons  having  broken  echelon  strapping  on  one  end  and 
diametral  straps  on  the  other,  connected  through  a  glass  seal  to  an  external 
coaxial  tuner  were  built.  Tuning  ranges  of  over  ±5  per  cent  were  achieved 
in  this  way.     There  was  no  demand  at  the  time  for  tunable  magnetrons. 

Following  the  introduction  of  the  718AY-EY  magnetrons,  their  properties 
were  reproduced  at  an  extended  range  near  the  wavelengths  of  the  706A-C 
and  at  the  wavelength  of  the  714A.  The  designs  for  these  were  arrived 
at  by  scaling  the  718AY-EY  to  the  appropriate  wavelengths.     The  principles 
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of  scaling  discussed  in  PART  I  had  been  studied  in  connection  with  the 
extension  of  magnetron  frequencies  into  the  20  to  45  cm.  and  3  cm.  wave- 
length ranges  and  were  fairly  well  understood  by  this  time.  These  new 
strapped  magnetrons  were  coded  as  the  706AY-CiY  and  the  71-iAY.  The 
frequency  variation  over  the  706AY-GY  band  was  accomplished  by  varia- 
tion of  the  resonator  slot  width.  The  characteristics  of  these  magnetrons, 
apart  from  frequency,  are  essentially  the  same  as  those  of  the  718AY-EY 
series  (see  Table  II).  External  and  internal  views  of  the  706AY-GY  type 
are  shown  in  Figs.  60  and  61.  The  strapping  scheme  to  be  seen  in  Fig.  61 
is  the  early  British  system  depicted  schematically  in  Fig.  24(a). 


Fig.  60- An  external  view  of  a  706AV-GY  magnctnm  (150  kw.,   -3U00  mc/s). 

The  means  of  fabricating  the  anode  block  in  manufacture  is  also  of  interest. 
This  had  to  be  inexpensive  and  fast.  As  worked  out  by  Western  Electric 
engineers,  it  consisted  of  boring  the  interaction  space  hole  lirst  and  turning 
the  end  spaces  into  the  solid  copper  block.  This  was  followed  by  two  opera- 
tions in  a  multiple  spindle  drill  press  in  which  the  eight  resonator  holes  are 
drilled  to  size.  Following  this,  a  broach  consisting  of  eight  tapered  series  of 
projecting  cutting  edges,  spaced  equally  around  the  main  shaft,  was  drawn 
through  the  interaction  space  hole,  cutting  the  eight  slots  to  size  in  a  single 
operation. 

Although  more  powerful  magnetrons  were  subsequently  developed,  these 
10  cm.  magnetrons  of  power  output  below  200  kw.  are  still  considered  to  be 
highly  satisfactory  designs.  Together  with  similar  designs  in  C.reat  Britam, 
they  have  been  produced  by  several  manufacturers  in  large  quantity  and 
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have  seen  extensive  use  in  many  forms  of  pulsed  radar  systems.     They  have 
also  served  as  the  basis  for  much  of  the  subsequent  magnetron  design  work. 

16.  Magnetrons    for    Wavelength    near    10    Centimeters— 
200  Kilowatts  to  1  Megawatt 

16.1  The  720A-E  Magnetrons:  A  natural  outgrowth  of  the  early  mag- 
netron experimentation  was  the  effort  to  generate  higher  power.  Since  the 
earliest  magnetrons  were  unstrapped  there  was  much  to  be  hoped  for  in 


Fig  .61 — An  internal  view  of  a  706AY-GY  magnetron  (150  k\\.,  '-^3000  mc/sj.     Note 
the  type  of  wire  strapping  [compare  Fig,  24(a)]  and  the  simple  coaxial  output  circuit. 

improved  efficiency.  Higher  power  magnetrons  would  have  to  be  designed 
to  operate  at  voltages  above  20  kv.  and  currents  of  greater  than  50  amps. 
To  accomplish  these  objectives,  the  interaction  space  was  enlarged,  in  some 
designs  involving  a  greater  number  of  resonators,  and  the  anode  length 
increased  by  two  or  even  three  times.  .Although  it  was  possible  to  develop 
over  200  kw.  with  magnetrons  of  eight,  ten,  and  twelve  resonators, efficiencies 
were  poor,  seldom  exceeding  20  per  cent  at  maximum  loading.  This  was 
even  poorer  than  unstrapped  10  cm.  magnetrons  hke  the  706A-C.  The 
reduction  in  mode  frequency  separation  attendant  upon  increases  in  anode 
length  and  number  of  resonators  was  later  found  to  be  the  cause. 

Following  their  first  use  in  the  718AY-EY  magnetrons,  straps  were  in- 
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corporated  in  the  high  power  designs  with  immediate  improvement  in 
performance.  The  output  circuits  used  were  simple  loop  to  coaxial  lead 
combinations  like  those  in  use  on  the  706A-C. 

Radar  needs  for  higher  power  near  10  cm.  had  developed  to  the  point  of 
a  specific  requirement  for  a  magnetron  of  not  less  than  350  kw.  output. 
Since  it  was  believed  that  the  best  one  could  obtain  from  the  718AY-EY  was 
250  kw.  even  at  the  risk  of  shortened  cathode  life,  the  requirement  made 
necessary  a  new  design.  In  the  work  on  higher  power  magnetrons,  better 
than  300  kw.  had  been  obtained  at  efficiencies  greater  than  50  per  cent  at 
maximum  loading  with  what  was  essentially  a  double  length  718AY-EY 


Fig.  62 — An  external  view  of  a  720A-E  magnetron  (1000  kw.,  ^^2800  mc/s). 


type.  Thus  it  appeared  that  the  new  power  requirement  could  be  met  with 
such  a  design.  The  press  of  time  made  it  necessary  to  concentrate  further 
efforts  on  improving  this  design,  with  not  much  if  any  time  to  be  devoted 
to  further  experimentation  along  other  lines.  The  chief  drawback  of  the 
double  length  magnetron  was  the  large  magnet  it  required.  Several  months 
later  an  equally  efficient  magnetron,  shorter,  and  having  a  larger  number  of 
circuit  elements  might  have  been  produced,  but  the  original  program  had 
advanced  beyond  the  stage  at  which  it  could  be  changed.  The  improve- 
ments in  design  of  the  double  length  718AY-EY  type  magnetron  resulted 
in  the  720A-E  series. 

An  external  view  of  the  720 A-E  magnetron  is  shown  in  Fig.  62.     A  cut- 
away model  is  shown  in  Fig.  63  in  which  may  be  seen  the  nature  of  the 
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resonator  system,  straps,  cathode,  and  output  circuit.     In  Table  II  are 
given  dimensions  and  other  data  concerning  these  magnetrons. 

The  resonator  system  has  eight  hole  and  slot  type  cavities.  Its  anode 
length  is  4  cm.,  double  that  of  the  706AY-GY.  It  is  strapped  with  double 
ring  shielded  straps  of  special  design  which  could  be  stamped  out  of  sheet 
copper  and  oven  brazed  in  position  in  a  wide  ledge  trepanned  around  the 
interaction  space  into  the  ends  of  the  anode  block.  These  straps  were 
easier  to  control  in  dimensions  than  the  echelon  straps,  used  in  early  experi- 
m.ental  models,  which  had  made  necessarj^  the  development  of  a  pretuning 


Fig.  63 — A  view  of  a  cut-away  720A-E  magnetron  (1000  kw.,  -^2800  mc/s)  showing  the 
large  cathode  end  disks  and  the  impedance  transformer  sections  in  the  output  circuit. 


technique.  The  large  number  of  wire  straps  used  had  made  it  impossible 
to  predict  from  visual  inspection  that  a  given  anode  would  eventually  oscil- 
late at  a  specified  wavelength.  The  straps  were  adjusted  manually  to  bring 
the  frequency  of  resonance  determined  before  sealing  and  pumping  into  the 
required  range.  These  heavily  strapped  models  operated  at  efficiencies  up 
to  65  per  cent,  but  their  initial  operating  wavelengths  were  near  13  cm. 
The  high  operating  efficiency  was  achieved  at  the  required  wavelength  by 
scaling  the  structure.  The  increase  in  magnetic  field  required  by  the  scaling 
was  achieved  without  increase  in  magnet  size  by  incorporation  of  steel  disks 
in  the  end  covers  of  the  magnetron.  The  new  stamped  straps  required 
considerably  less  manipulation  during  pretuning  than  the  echelon  straps. 
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The   five   wavelength    groups   of   the  720A-E  employ  straps  of  different 
height. 

The  cathode  was  similar  to  that  of  the  706AY-GY  but  longer  and  with 
different  end  disk  design.  The  surface  was  a  plain  oxide  coating  on  the 
nickel  cylinder  base.  Adequate  life  under  the  most  stringent  of  its  operating 
conditions  was  obtained  (see  Table  II).  The  radical  departure  in  cathode 
end  disk  design  was  necessitated  by  the  pickup  of  RF  energy  by  the  cathode. 
This  was  aggravated  by  the  length  of  the  cathode.  An  end  disk  of  con- 
ventional size,  being  closer  to  the  inner  strap  than  to  the  outer  strap,  is  more 
influenced  by  its  potential.  Since  the  inner  straps  are  t  radians  out  of 
phase  and  the  cathode  approximately  a  half  wavelength  long,  conditions 
were  quite  right  for  considerable  induction  of  RF  potential  on  the  cathode. 
Considerable  RF  power  was  radiated  by  the  cathode  leads.  Measurements 
on  a  non-oscillating  magnetron  indicated  that  cathode  pickup  could  be 
neutralized  very  nearly  by  increasing  the  end  disk  diameter.  If  the  end 
disk  completely  covered  both  straps,  the  charge  induced  on  it  by  one  strap 
was  essentially  balanced  by  that  induced  by  the  other  strap.  The  720A-E 
with  large  cathode  end  disks  radiates  very  little  RF  energy  from  its  cathode 
leads. 

The  greater  power  which  the  720A-E  produced  made  it  necessary  to  re- 
design the  output  circuit  to  include  the  transformer  inside  the  vacuum. 
Voltages  in  the  external  transformer  had  been  sufficiently  high  to  break  down 
the  line.  The  redesign  was  carried  out  empirically  by  a  substitution  method. 
A  replica  of  the  output  circuit  was  constructed  and  terminated  in  the  im- 
pedance required  to  load  the  magnetron  properly.  In  this  replica  the  loop 
was  replaced  by  a  coaxial  line  and  standing  wave  detector  through  which 
CW  power  was  fed.  In  this  way  one  could  determine  the  impedance  at  the 
loop  terminals  necessary  for  proper  loading.  Then  with  a  specially  con- 
structed output  circuit,  in  which  the  dimensions  between  the  glass  seal  and 
the  loop  terminals  could  be  varied,  the  dimensional  changes  necessary  to 
achieve  the  required  impedance  at  the  loop  with  match  in  the  output  load 
coaxial  was  determined.  The  dimensions  determined  in  this  way  provided 
the  final  design.  The  720A-E  was  one  of  the  early  "preplumbed" 
magnetrons. 

A  coaxial  lead  coupling  using  chokes  instead  of  contacts  was  developed 
for  the  output  circuit  and  used  not  only  at  10  cm.  but  on  all  the  later  mag- 
netrons of  longer  wavelength  as  has  been  described.  The  centrifugal  glass 
seal  at  the  outer  conductor  is  to  be  noted  (see  Fig.  63).  The  original  tung- 
sten center  conductor  to  which  an  external  "thimble"  was  soldered  (similar 
to  that  in  the  5J23,  see  Fig.  49)  was  replaced  by  a  Kovar  cup  to  which  the 
glass  was  sealed  directly.     Greater  strength,  better  cooling,  and  elimination 
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of  the  high  voltage  gradient  in  air  which  had  existed  at  the  small  diameter 
tungsten  rod  resulted. 

In  Fig.  64  is  shown  a  typical  performance  chart  for  the  720A-E  series. 
Other  performance  data  are  given  in  Table  II.  In  Fig.  44  is  shown  one  of 
the  720A-E  magnetrons  mounted  in  its  magnet. 


30  40  50  60 
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Fig.  64 — A  typical  performance  chart  of  the  720A-E  magnetrons  ('^2800  mc/s). 


In  the  use  of  the  720A-E  on  line  type  modulators  the  difficulty  with  what 
was  then  called  voltage  "overshoot"  was  first  encountered.  It  is  the  result 
of  the  finite  buildup  time  for  the  RF  oscillation  during  which  the  pulse 
voltage  rises  to  values  higher  than  required  for  tt  mode  operation.  It  is 
particularly  aggravated  on  line  type  modulators  for  which  the  magnetron, 
before  it  oscillates  and  draws  current,  presents  a  mismatch  to  the  Hne  net- 
work causing  the  voltage  to  rise  to  a  much  higher  value.     The  difficulty  was 
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circumvented  by  connecting  across  the  modulator  network  a  condenser  in 
series  with  a  resistance  equal  to  the  characteristic  impedance  of  the  net- 
work. The  condenser  is  of  low  impedance  for  rapid  voltage  changes,  termi- 
nating the  network  properly  during  the  voltage  rise.  The  condenser, 
however,  stores  some  energy  which  must  be  dissipated  at  the  end  of  the 
pulse.  The  discharge  of  this  energy  through  the  magnetron  causes  very 
weak  oscillations  to  occur  following  the  main  pulse.  This  condition  some- 
what lengthens  the  interval  of  time  following  the  pulse  during  which  the 
radar  receiver  may  not  detect  an  echo. 

16.2  The  4J45-47  Magnetrons:  For  the  extension  of  radar  range  it  had 
been  found  desirable  to  use  pulses  of  longer  duration  with  consequent  in- 
crease in  total  energy  radiated  per  pulse.  As  indicated  in  PART  I,  the 
longer  the  pulse,  the  narrower  the  frequency  spectrum.  A  long  pulse  conse- 
quently makes  possible  a  narrower  receiver  band  width,  an  improved 
receiver  signal  to  noise  ratio,  and  greater  range.  Although  it  was  necessary 
to  reduce  the  peak  power  somewhat  in  operating  the  720A-E  at  a  pulse 
length  of  5  microseconds,  a  substantial  increase  in  range  could  still  be  ef- 
fected. The  Radiation  Laboratory  at  M.  I.  T.  proposed  to  use  720A-E 
type  magnetrons  on  long  pulse  operation  and  performed  many  tests  of  these 
magnetrons  under  these  conditions.  Many  720A-E  magnetrons  performed 
satisfactorily  under  these  long  pulse  conditions.  However,  arcing  both 
internally  between  cathode  and  anode  and  externally  across  the  input  leads 
deteriorated  the  performance  and  made  the  life  expectancy  of  the  magnetron 
questionable. 

To  meet  the  new  demands  a  new  series  of  magnetrons,  the  4J45-47  was 
developed  by  making  two  design  changes  in  the  720A-E.  The  plain,  oxide 
coated  cathode  was  replaced  with  a  cathode  of  the  "mesh"  type  to  be  de- 
scribed in  Section  21.  M.agnetron  Cathodes.  The  "mesh"  cathode  proved 
to  be  more  rugged,  involved  less  arcing,  was  longer  lived,  and  required  a 
minimum  of  changes  in  internal  structure. 

External  arcing  at  the  input  leads  was  minimized  by  lengthening  the  glass 
section,  accomphshed  by  increasing  the  over-all  lead  length  and  shortening 
the  metal  section  of  the  lead  at  the  magnetron  body,  and  by  enclosing  the 
leads  in  housings  filled  with  a  silicone  anticorona  compound.  These  changes 
were  limited  by  the  requirement  of  interchangeability  with  the  720A-E. 

The  modified  720B-D  magnetrons  were  coded  the  4J45-47.  Operating 
characteristics  are  giv^n  in  Table  II.  These  magnetrons  were  used  with 
long  pulses  and  in  the  usual  service  for  which  the  720.-\-E  had  been  designed. 

17.  Magnetrons  for  Wavelengths  near  3    Centimeters — 
UNDER  100  Kilowatts 

17.1  The  7 25 A  and  730 A  Magnetrons:  As  the  antenna  size  of  a  radar 
is  reduced,  it  is  necessar}-  to  reduce  the  operating  wavelength  to  maintain 
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the  same  width  of  radiated  beam  and  resolving  power.  To  meet  the  needs 
for  aircraft  and  submarine  radar  and  other  appHcations  in  which  antenna 
size  must  be  small,  shorter  wavelength  magnetrons  were  essential.  The 
development  of  magnetrons  of  frequency  near  10,000  mc/s  (3  cm.  wave- 
length) was  part  of  the  expanding  program  of  magnetron  research  and  de- 
velopment which  grew  out  of  the  earliest  experiments.  The  work  was 
concentrated  at  3.2  cm.,  roughly  a  factor  of  three  below  the  initial  10  cm. 
work.  From  the  earliest  3  cm.  magnetron  developments  was  evolved  an 
efficient  3.2  cm.  magnetron,  the  725A,  requiring  roughly  the  same  driving 
conditions  as  were  used  in  the  first  10  cm.  magnetron  applications. 

An  operating  3  cm.  magnetron  was  built  in  the  summer  of  1941.  The 
crude  techniques  then  in  use  in  the  10  cm.  wavelength  range  were  adapted 
to  the  3  cm.  range,  and  5  kw.  peak  power  from  this  magnetron  was  measured 
in  a  coaxial  water  load.  This  design  involved  an  unstrapped  resonator 
system  having  eighteen  quarter  wavelength  slots.  The  choice  of  so  many 
resonators  was  made  in  order  that  large  cathode  and  anode  dimensions  could 
be  used,  later  shown  to  be  unreasonable  for  the  voltage  range  employed. 
In  addition  the  design  suffered  from  a  confusion  of  many  modes  of  the 
resonator  system  and  from  an  inadequate  output  circuit. 

A  later  design,  similar  in  some  respects  to  one  upon  which  work  was  done 
at  the  M.  I.  T.  Radiation  Laboratory,  made  use  of  a  resonator  system  having 
twelve  slots.  This  design  operated  in  a  mode  other  than  the  tt  mode,  prob- 
ably that  for  which  n  =  3  or  n  =  4.  The  M.  I.  T.  version,  the  2J21,  was 
the  first  3  cm.  magnetron  to  be  manufactured  in  quantity.  Its  power  output 
was  about  15  kw.,  generated  at  an  efficiency  of  from  12  to  15  per  cent. 
Many  variations  of  this  design  were  made  without  major  success  in  an 
attempt  to  obtain  efficient  and  reliable  operation. 

Prior  to  the  introduction  of  straps,  attempts  were  made  to  adapt  10  cm. 
magnetron  designs  to  3  cm.  While  none  came  up  to  the  10  cm.  operating 
efficiencies,  one  such,  having  an  unstrapped  resonator  system  of  eight  hole 
and  slot  resonators,  was  used  extensively  in  systems  experimental  work  in 
our  Laboratories. 

By  this  time  it  was  realized  that  some  fundamental  reason  existed  for  the 
failure  of  these  3  cm.  magnetrons  to  reach  efficiencies  comparable  with  those 
obtained  at  10  cm.  The  resonator  systems  were  unstrapped  at  3  cm.,  and 
they  operated  in  a  mode  other  than  the  tt  mode.  However,  this  did  not 
fully  explain  their  failure.  Attempts  were  made  to  operate  strapped  3  cm. 
magnetrons  in  the  tt  mode,  but  they  still  did  not  result  in  the  desired  or 
expected  improvements.  The  trouble  lay  not  only  in  the  mode  frequency 
distribution  of  the  resonator  system  but  also  in  the  size  of  the  interaction 
space.     Prior  to  this  time,  3  cm.  magnetrons  were  made  with  larger  inter- 
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action  spaces  than  direct  scaling  from  10  cm.  would  indicate.  This  had 
been  done  to  achieve  greater  cathode  size  and  smaller  operating  magnetic 
field.  It  appeared  that  3  cm.  magnetrons  had  been  suitable  only  for  opera- 
tion at  high  voltage  and  high  magnetic  field  and  were  being  operated  far 
below  their  range  of  maximum  efficiency  or  even  of  reasonable  operation. 
A  decisive  step  forward  was  taken  when  a  strapped  magnetron  was  built 
which  was  rigorously  scaled,  according  to  the  scaling  principles  discussed  in 
PART  I,  from  10  cm.  designs  of  the  same  operating  voltage  and  current  as 
that  desired  at  3  cm. 

The  first  such  magnetrons  were  scaled  from  the  10.7  cm.  strapped  mag- 
netrons having  eight  resonators,  the  718AY-EY,  with  only  minor  changes 
being  made  in  the  resonators  for  mechanical  reasons.  The  results  obtained 
were  \exy  encouraging  although  they  were  erratic  for  a  variety  of  reasons. 
Mechanical  construction  was  difficult  and  not  reproducible  before  newer 
tools  and  techniques  for  making  and  assembling  small  parts  were  introduced. 
Output  circuit  variations  in  many  cases  completely  masked  good  electronic 
operation,  and  it  was  not  until  a  carefully  considered  and  executed  study 
of  the  output  circuit  design  was  instituted  that  consistent  results  were  ob- 
tained. However,  the  results  were  such  that  it  was  decided  to  shift  all 
emphasis  in  3  cm.  magnetron  development  at  the  Bell  Laboratories  to 
strapped  designs  scaled  from  10  cm.  magnetrons. 

This  was  by  no  means  an  easy  decision  to  make.  For  example,  it  meant 
the  use  of  very  small  parts  and  clearances,  of  order  0.010  in.,  and  ver>'  close 
tolerances.  That  such  a  magnetron  would  be  feasible  for  large  scale  pro- 
duction was  by  no  means  obvious.  A  cathode,  0.100  in.  or  less  in  diameter, 
which  must  deliver  a  considerably  higher  current  density  than  any  pre\-ious 
magnetron  cathode,  would  be  necessary.  Whether  such  a  cathode,  at  the 
expected  operating  conditions,  would  have  any  appreciable  life  was  not 
known.  Furthermore,  a  scaled  3  cm.  magnetron  would  require  a  much 
higher  magnetic  field  than  previous  3  cm.  designs,  a  demand  which  might 
increase  the  magnet  weight. 

On  the  other  hand,  it  was  possible  that  the  improved  electronic  efficiency 
of  the  scaled  magnetron  would  result  in  less  rigorous  treatment  of  the  cathode 
in  spite  of  its  small  size.  In  spite  of  the  increase  in  magnetic  field,  the 
decrease  in  anode  length  of  the  scaled  magnetron  made  possible  the  reduction 
of  the  magnet  gap  to  a  point  where  it  was  conceivable  that  no  greater  mag- 
netomotive force  and  size  of  magnet  would  be  required  than  in  previous 
3  cm.  designs.  Greater  stability  and  freedom  from  mode  troubles  could  be 
expected. 

Early  strapped  magnetrons  having  eight  resonators  had  anode  diameters 
of  order  0.175  in.  and  cathode  diameters  of  order  0.065  in.     Magnetrons  of 
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over-all  eftkiency  better  than  45  per  cent  at  a  pulling  figure  of  15  mc/s  were 
made. 

The  cathode  life  in  these  magnetrons  was  very  short — 10  to  30  hours. 
Reduction  of  the  severity  of  the  demands  made  of  the  cathode  was  necessary. 
Strapped  magnetrons  having  twelve  resonators  and  larger  cathodes  were 
designed  and  a  few  built  with  promising  results. 

The  3  cm.  magnetron  development  program  was  later  broadened  by  the 
inclusion  of  personnel  from  the  NDRC  Radiation  Laboratories  at  the 
Massachusetts  Institute  of  Technology  and  at  Columbia  University.  Effort 
on  magnetrons  having  twelve  resonators  was  expanded  and  prosecuted 
vigorously  along  with  the  work  on  the  eight  resonator  types.  Somewhat 
later  the  effort  was  concentrated  solely  on  the  twelve  resonator  magnetron. 
The  design  which  was  made  shortly  thereafter  became,  with  only  minor 
changes,  the  725A. 

Experience  gained  with  previous  magnetrons  at  all  wavelengths  enabled 
one  to  design  a  mechanically  feasible  resonator  system  with  proper  strapping 
to  give  the  desired  RF  characteristics  and  tt  mode  resonant  frequency. 
The  interaction  space,  on  the  basis  of  previous  work  and  Hartree's  oscilla- 
tion condition,  was  designed  to  meet  the  specification  of  12  kv.  and  12  amps, 
input.  The  design  was  complicated  both  mechanically  and  electrically  by 
the  requirement  of  interchangeability  with  the  2J21.  Thus  good  operation 
at  10  kv.  and  10  amps,  input  was  necessary. 

The  resonator  system  of  the  725 A  is  machined  into  a  separable  "anode 
insert"  which,  when  completed,  is  brazed  into  position  in  the  so-caplled 
"shell"  carr>'ing  the  leads  and  cooling  fins.  The  straps  are  placed  in  a 
channel  for  shielding  from  the  interaction  space  and  are  broken  on  one  end. 

The  first  cathodes  were  the  ordinary,  nickel  sleeve  type  with  double  car- 
bonate coating  sprayed  onto  its  surface.  Not  long  after  the  start  of  the  3 
cm.  magnetron  development,  it  was  recognized  that  the  cathode  develop- 
ment problem  would  be  a  large  part  of  the  over-all  project.  Indeed,  the 
725A  proved  to  be  an  excellent  magnetron  for  cathode  development  work. 
Many  of  the  cathode  improvements  and  new  designs  developed  for  it  have 
been  used  successfully  in  other  magnetrons.  The  cathode  as  finally  de- 
veloped for  the  725A  was  a  nickel  blank,  complete  with  end  disks  and  heater 
chamber  turned  out  of  nickel  rod.  Over  the  cylindrical  portion  was  welded 
or  sintered  a  fine  nickel  mesh  in  the  interstices  of  which  the  active  coating 
was  applied.  This  is  shown  in  Fig.  79  and  will  be  described  more  fully 
with  other  cathode  developments  in  Section  21.  Magnetron  Cathodes. 
Under  normal  operating  conditions  the  cathode  heater  is  turned  off,  the 
necessar}'  heat  being  provided  by  electron  back  bombardment. 

Considerable  effort  was  expended  in  the  design  of  a  satisfactory  and  repro- 
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ducible  output  circuit  for  the  725A.  The  requirement  of  interchangeability 
with  the  2J21  restricted  the  output  wave  guide  flange  in  its  position  relative 
to  the  axis  of  the  anode  and  the  mounting  flange.  Previous  3  cm.  magne- 
trons having  hole  and  slot  resonators  utilized  coaxial  output  circuits  coupled 
to  the  resonator  system  by  a  loop  located  in  the  median  plane  of  one  of  the 
resonators  as  in  Fig.  1.  Although  it  was  recognized  that  a  wave  guide 
output  for  a  small  magnetron  of  this  type  would  be  more  elegant  and  repro- 
ducible than  a  coaxial  output,  diflliculty  in  twisting  the  plane  of  polarization 
from  the  resonator  to  the  output  wave  guide  flange,  involved  in  the  inter- 
changeability requirement,  and  the  lack  of  experience  with  such  outputs 
made  necessary  the  choice  of  an  output  for  the  final  design  similar  to  the 
original.  To  obviate  the  removal  of  a  large  portion  of  one  resonator  to 
accommodate  the  output  and  to  make  the  loop  easily  accessible  for  inspection 
and  adjustment,  it  was  placed  in  the  end  space  directly  over  the  circular  hole 
of  one  of  the  resonators.  This  so-called  "halo"  type  loop  is  shown  in  Fig.  66. 
The  coaxial  line  was  terminated,  as  in  previous  3  cm.  magnetrons,  in  a  junc- 
tion to  wave  guide,  fabricated  as  part  of  the  magnetron.  The  output  circuit 
was  designed  around  a  matched  junction  which,  it  was  hoped,  would  have 
the  best  electrical  breakdown  strength  at  the  reduced  pressures  of  high 
altitude  operation,  would  be  frequency  insensitive,  and  would  avoid  adjust- 
ment of  the  junction  on  individual  magnetrons.  The  entire  antenna  of  the 
junction  was  enclosed  in  the  vacuum  envelope  of  the  magnetron  as  may  be 
seen  in  Fig.  66. 

The  method  of  attack  on  the  output  circuit  problem  from  this  point  on 
may  be  summarized  as  follows:  First,  a  matched  junction  from  coaxial  to 
wave  guide  such  that  it  could  be  applied  to  the  final  over-all  design,  had  to  be 
achieved.  Then,  for  a  given  choice  of  loop  size  and  position  relative  to  the 
resonator,  it  was  necessar}^  to  obtain  the  transformer  properties  of  the  coaxial 
line  immediately  adjacent  to  the  loop  so  that  the  proper  over-all  coupling 
from  magnetron  resonator  to  wave  guide  load  was  achieved.  Here  again 
the  mechanical  restriction  on  the  distance  between  the  resonator  and  wave 
guide  axes  was  found  to  be  cumbersome.  Two  loop  sizes  were  tried,  that 
requiring  the  higher  standing  wave  in  the  coaxial  transformer  to  couple  it 
properly  being  later  discarded.  At  any  given  stage  in  the  development,  the 
procedure  consisted  of  finding  the  impedance  to  be  presented  to  the  loop 
by  the  coaxial  output.  This  was  done  by  transforming  through  the  entire 
output  circuit  to  the  loop  terminals,  the  impedance  needed  in  the  output 
wave  guide  for  proper  loading,  using  the  transformer  parameters  measured 
on  a  simulated  output  circuit.  This  impedance  at  the  loop  terminals  was 
obtained  by  variation  of  the  transformer  properties  of  the  coaxial  Una 
between  the  loop  terminals  and  the  coaxial  to  wave  guide  junction.     The 
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change  of  diameter  of  the  coaxial  center  conductor  at  a  critical  distance  from 
the  loop  terminals  is  to  be  seen  in  Fig.  66.  The  height  of  the  output  loop 
above  the  resonator  end  surface  was  a  convenient  variable  upon  which  the 
over-all  output  coupling  depended.  This  was  not  without  disadvantages, 
however,  since  its  value  for  reproducibility  had  to  be  held  to  within  0.001  in. 
Its  nominal  height  above  the  anode  is  0.011  in. 

While  the  scaling  of  10  cm.  magnetrons  to  3  cm.  demanded  higher  mag- 
netic fields  than  had  previously  been  used  at  3  cm.,  the  magnet  size  was 


Fig.  65 — An  external  view  of  the  725A  magnetron  (55  kw.,  9375  mc/s),  showing  the 
attached  coaxial  to  wave  guide  junction  in  the  output  circuit. 

kept  down  by  the  reduction  of  the  magnet  gap  made  possible  in  the  scaling 
of  anode  length.  A  further  reduction  in  effective  magnet  gap  was  made  by 
the  inclusion  of  steel  disks  in  the  end  covers  of  the  magnetron.  With  these 
changes,  the  magnetomotive  force  required  to  supply  the  field  for  the  725A 
was  almost  identical  to  that  required  by  the  2J21  and  no  extensive  magnet 
redesign   was  necessar}^ 

The  requirement  of  interchangeability  with  the  2J21  made  it  necessar}-  to 
place  the  input  and  output  leads  of  the  725 A  at  right  angles  (see  Fig.  65), 
Along  with  the  725A,  there  was  developed  a  version,  coded  the  730A,  with 
input  leads  mounted  directly  opposite  to  the  output  in  a  so-called  "straight 
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through"  design.  Experimental  models  were  released  for  systems  tests  and 
the  need  developed  for  such  magnetrons  to  be  used  in  some  special  radar 
systems.  The  730A  is  identical  to  the  725A  except  for  external  mechanical 
details.     An  external  view  is  shown  in  Fig.  67. 

Details  of  the  fnial  design  of  the  725A  (and  730A  except  for  the  mechan- 
ical differences  noted)  may  be  seen  in  Fig.  66.  Data  on  these  magnetrons 
and  their  performance  are  given  in  Table  III.     A  typical  performance  chart 


Fig.  66— A  view  of  a  cut-away  725A  magnetron  (55  kw.,  9375  mc/s).  Note  the  breaks 
in  the  double  ring  straps,  the  so-called  "halo"  loop  above  the  hole  of  the  output  resonator, 
the  step  in  the  center  conductor  of  the  output  coaxial  providing  the  necessary  impedance 
transformation,  and  the  details  of  the  coaxial  to  wave  guide  junction. 


is  shown  in  Fig.  68.  Experience  has  indicated  that  it  is  entirely  adequate  for 
150  kw.  input  at  duty  cycles  up  to  0.001  and,  with  later  cathode  designs,  at 
pulse  lengths-up  to  5ms.  The  RF  spectrum  is  satisfactor}-  even  under  rather 
extreme  conditions  of  mechanical  vibration  and  shock,  and  the  operation 
under  a  variety  of  conditions  is  remarkably  free  from  "moding".  Difficul- 
ties have  been  encountered  in  attempts  to  push  its  power  input  with  5/xs 
pulses  much  above  175  kw.  although  with  short  pulses  at  lenient  duty  cycle 
operation  with  as  much  as  300  kw.  peak  input  power  has  been  achieved. 
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Many  difficulties  were  encountered  in  the  early  stages  of  production  above 
those  of  training  personnel  to  handle  small  parts  and  to  perform  new  types 
of  operations.  Maintenance  of  cathode  centering  through  all  operations 
had  to  be  rigidly  supervised  since  off-center  cathodes  resulted  in  poor 
operation.  The  size  and  position  of  the  output  loop  were  very  sensitive 
variables  directly  affecting  output  power  and  pulling  figure.  The  latter 
were  also  marked  functions  of  variables  in  the  transformer  of  the  output 
circuit.  It  was  found,  for  example,  that  variations  in  the  glass,  and  particu- 
larly in  the  bead  supporting  the  center  conductor,  were  causing  considerable 


Fig.  67 — The  730A  magnetron  (55  kw.,  9375  mc/s) — the  "straight  through"  version 
of  the  725A. 


spread  in  characteristics.     Closer  tolerance  on  the  glass,  involving  the  use 
of  a  molded  bead,  greatly  improved  this  situation. 

With  the  very  narrow  limits  specified  for  the  operating  frequency  of  the 
magnetron,  it  was  essential  that  the  anode  pretuning  be  done  very  precisely. 
Here,  considerable  difficulty  was  encountered  with  a  pretuning  arrange- 
ment in  which  the  indication  of  resonance  depended  on  the  equivalent  line 
length  of  the  output  circuit  between  the  anode  block  and  the  detector  in  the 
wave  guide.  Variability  in  this  electrical  length  caused  the  actual  resonance 
to  vary  over  a  considerably  wider  range  than  the  required  9375  ±  30  mc/s. 
By  use  of  a  detector  connected  at  the  output  loop  it  was  possible  to  reduce 
the  percentage  of  magnetrons  eliminated  for  being  outside  the  frequency 


316 


BELL  SYSTEM  TECHNICAL  JOURNAL 


limits  at  final  test  from  more  than  50  per  cent  to  less  than  1  per  cent.  At 
one  point  in  the  development,  when  it  appeared  that  the  frequency  spread 
could  not  easily  be  reduced,  a  tuning  screw  mechanism  was  designed  with 
which  the  frequency  of  the  resonator  system  could  be  varied  by  movement 
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Fig.  68— A  typical  performance  chart  of  the  725A  and  7,iOA  magnetrons  (9375  mc/s). 

of  a  plug  through  the  side  wall  of  one  resonator  and  which  could  be  adjusted 
from  outside  the  vacuum  envelope  at  the  final  acceptance  test.  Although 
tlie  mechanism  was  built,  tested,  and  found  to  operate  satisfactorily,  the 
improvement  of  the  pretuning  technique  made  its  adoption  unnecessary. 
During  the  initial  stages  of  production  it  was  verified  that  the  pulling 
figure  of  the  725A  and  730A  could  be  adjusted  within  limits  by  variation  of 
the  position  of  the  end  plate  shorting  the  wave  guide  section  into  which  the 
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coaxial  output  circuit  of  these  magnetrons  is  terminated.  It  is  possible  by 
a  displacement  of  0.040  in.  of  the  whole  end  plate  to  effect  about  a  6  mc/s 
change  in  pulling  figure  near  the  value  of  15  mc/s.  An  end  plate  consisting 
of  a  convoluted  diaphragm  was  constructed  which  could  be  adjusted  at  final 
test  if  necessary.  By  this  means  it  was  possible  to  make  the  adjustment 
without  disturbing  the  airtight  seal  needed  in  some  pressurized  installations. 
The  adjustable  end  plate  is  to  be  seen  in  the  cutaway  model  of  Fig.  66. 

Despite  initial  difficulties,  it  was  possible  in  the  first  nine  months  of 
production  to  increase  the  yield  of  shippable  magnetrons  meeting  all  the  test 
specifications  from  a  very  low  initial  figure  to  over  85  per  cent  of  all  those 
completed  and  reaching  final  acceptance  tests.  Although  subsequent 
tightening  of  the  test  specifications,  such  as  the  increase  of  pulse  length  at 
test  from  lyus  at  1000  pps  to  2  yus  at  325  pps,  caused  temporary'  setbacks  in  the 
percentage  yield,  it  was  nevertheless  increased  until  it  ran  consistently  better 
than  95  per  cent. 

Although  better  magnetrons  have  since  been  built  in  the  3  cm.  wavelength 
range,  the  725A  occupies  a  special  place  in  magnetron  development  at  these 
wavelengths.  It  represents  the  first  high  efficiency,  x  mode,  strapped  mag- 
netron for  3  cm.  operation,  and  as  such  has  served  as  the  prototype  of  most 
of  the  subsequent  3  cm.  magnetron  developments  in  the  United  States  and 
Great  Britain. 

The  725A  was  manufactured  by  the  Western  Electric  Co.  in  this  countr\' 
and  the  Northern  Electric  Co.  of  Canada.  The  Raytheon  Mfg.  Co.  used 
Bell  Laboratories'  design  information  to  produce  a  725A  magnetron  but 
redesigned  the  resonator  system  to  use  a  vane  type  more  adapted  to  their 
manufacturing  practice.  The  total  number  of  725A  magnetrons  produced  in 
these  three  plants  was  over  300,000,  indicating  the  extent  to  which  it  was 
used  during  the  war. 

17.2  The  2J4S,  2J49,  2 J 50,  and  2J53/725A  Magnetrons:  Following 
completion  of  the  725 A  magnetron  at  3.2  cm.,  requests  were  made  for  three 
similar  magnetrons.  These  were  to  have  the  same  characteristics  as  the 
725A,  differing  only  in  their  frequencies  of  operation. 

The  2J48  is  an  exact  duplicate  of  the  725A  but  has  a  narrower  spread  in 
frequency,  ±  5  mc/s,  around  a  mean  value  of  60  mc  s  lower  than  the 
nominal  725A  frequency  of  9375  mc/s.  The  2J48  was  never  manufactured 
by  the  Western  Electric  Co. 

The  2J49  and  2J50  are  725A  types  operating  at  i.i  cm.  and  3.4  cm.,  re- 
spectively. These  new  wavelengths  were  met  by  a  new  resonator  design 
involving  larger  resonator  holes  than  in  the  725A.  The  nominal  wavelength 
of  the  new  design  was  3.35  cm.,  tuned  either  into  the  i.2>  cm.  or  the  3.4  cm. 
band  by  strap  manipulation. 
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In  an  effort  to  get  high  power  from  the  725A  magnetron  operating  on  long 
pulses,  considerable  work  was  done  to  build  a  cathode  for  a  power  input  of 
225  kw.  While  a  few  thousand  such  magnetrons  were  made  and  tested  at  the 
higher  test  condition,  entirely  satisfactory  operation  was  never  achieved. 
Magnetrons  tested  at  225  kw.  input  were  coded  the  2J53/725A  but  after 
the  first  production  run  were  not  manufactured  again.  The  4J50  and  4J52 
magnetrons  are  now  available  for  this  range  of  operating  conditions. 


Fig.  69 — The  2J55  magnetron  (55  kw.,  9375  mc/s) — the  "packaged"  version  of  the 
725A.     Compare  with  the  size  of  the  725A  and  its  magnet  shown  in  Fig.  44. 

17.3  The  2 J 55  and  2 J 56  Magnetrons:  The  2J55  and  2J56  are  by- 
products of  the  development  of  a  tunable  3  cm.  magnetron,  the  2J51,  de- 
scribed below.  The  2J51  design,  being  "packaged"  and  thus  lighter  and 
more  compact  than  the  725A  and  its  magnet,  with  which  it  is  interchange- 
able, was  ideally  suited  for  conversion  into  a  fixed  frequency,  "packaged", 
3  cm.  magnetron.  The  only  design  changes  required  were  those  associated 
with  the  removal  of  the  tuning  mechanism  and  the  change  in  dimensions  of 
the  resonator  system  needed  to  bring  the  wavelength  to  the  proper  value. 
The  two  magnetrons  designed  in  this  way  for  operation  at  the  wavelengths 
3.2  and  3.25  cm.  were  coded  the  2J55  and  2J56,  respectively.  Each  weighs 
3  lbs.  12  oz.  as  compared  to  the  weight  of  11  lbs.  2  oz.  of  the  725A  mag- 
netron and  its  magnet. 
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A  photograph  of  the  2J55  magnetron  is  shown  in  Fig.  69  and  operating 
data  are  included  in  Table  III. 

18.  Tunable   Magnetrons   for   Wavelengths   near   3    Centimeters 

18.1  Tlie  2J5I  Magnetron:  As  in  the  20  to  45  cm.  wavelength  region, 
the  demand  arose  for  tunable  magnetron  replacements  when  fixed  frequency 
magnetrons  had  become  available  in  the  3  cm.  band.  A  significant  step 
toward  satisfying  this  demand  was  taken  at  the  NDRC  Radiation  Labora- 


Fig.  70 — An  external  view  of  the  2J51,  tunable,  "packaged"  magnetron  (55  k\v.,  8500 

to9600mc/s). 

tory  at  Columbia  University  in  1943  when  a  tuned,  "packaged"  magnetron 
was  built  around  a  725A  anode  structure  and  output  circuit.  The  tuning 
scheme  used  was  that  of  variation  of  resonator  inductance,  as  discussed  in 
PART  I,  by  a  so-called  tuning  head  consisting  of  a  set  of  pins  which  project 
into  the  holes  of  the  resonator  system.  The  mechanism  for  driving  the 
tuning  head  is  contained  inside  one  of  the  magnet  pole  pieces.  The  other 
pole  piece  carries  the  axial  cathode  mount.  Two  magnets  are  clamped  to 
opposite  sides  of  the  pole  pieces  in  the  usual  "packaged"  construction. 
These  and  other  details  are  shown  in  the  photographs  in  Fig.  70  and  71  of 
complete  and  cutaway  models  of  the  magnetron,  coded  the  2J51,  as  it  was 
put  into  production  at  the  Western  Electric  Co. 
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From  the  inception  of  the  project  until  the  bulk  of  the  work  of  developing 
the  tunable  3  cm.  magnetron  was  transferred  to  the  Bell  Laboratories,  a 
number  of  problems  had  been  encountered  and  solved  at  the  Columbia 
Laboratory.     It  had  been  shown  that  tuning  a  725A  type  magnetron  was 
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Fig.  71 — A  view  of  a  sectioned  2J51,  tunable,  "packaged"  magnetron  (55  k\v.,  8500 
to  9600  mc/s).  Features  of  interest  to  he  seen  are:  the  tuning  pins,  the  drive  mechanism 
and  vacuum  bellows,  the  axial  cathode  mount,  the  glass  bead  support  of  the  center  con- 
ductor of  the  coaxial  output  line,  and  the  sheathed  permanent  magnet  construction. 


feasible  by  the  means  chosen.  The  range  of  wavelength  from  3.13  to  3.53 
cm.  could  easily  be  spanned.  The  variation  in  frequency  was  found  to  be 
very  nearly  linear  with  position  of  the  tuning  pins.  It  was  shown  how 
a  spurious  resonance  of  the  pin  structure  occurring  within  the  frequency 
range  could  be  displaced  so  as  to  cause  no  difliculty.  Although  no  work  of 
revision  had  been  done  on  the  725A  output  circuit  used  in  the  tunable 
magnetron,  it  was  demonstrated  that  tolerably  "flat"  characteristics  of 
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output  power  and  pulling  figure  against  frequency  could  be  obtained  with 
it.  The  fundamental  mechanical  problems  of  "packaging"  the  magnetron 
and  providing  facilities  for  driving  the  tuning  head  were  shown  to  be  feasible 
and  a  smooth  working  and  resettable  driving  mechanism  designed  and 
constructed. 

The  Columbia  Radiation  Laboratory  built  a  series  of  these  magnetrons, 
several  of  which  were  used  in  the  development  of  tunable  radar  systems. 
The  Bell  Laboratories  had  cooperated  from  the  start  by  supplying  725A 
magnetron  parts,  and  by  making  anode  inserts  of  special  dimensions  to  raise 
the  maximum  attainable  wavelength  of  the   resonator  system.     It    was 
decided  that  the  Bell  Laboratories  should  take  over  the  main  burden  of 
further  development  of  the  magnetron  for  manufacture  by  the  Western 
Electric  Co.     By  this  time  its  specifications  had  been  quite  definitely  estab- 
lished.    It  was  to  be  a  magnetron  with  the  general  power  output  capabilities 
of  the  725A,  tunable  over  the  frequency  range  from  8500  to  9600  mc/s 
(approximately  3.13  to  3.53  cm.).     It  was  to  be  interchangeable  with  the 
725A  magnetron  in  the  sense  that  it  could  be  installed  directly  in  any  radar 
system  using  the  725A  when  the  magnetron  and  its  magnet  were  removed. 
Interchangeability,  as  usual,  was  one  of  the  most  annoying  requirements. 
The  magnetron  was  to  be  "packaged"  and  provided  with  magnetic  shunts 
so  that  the  magnetic  fields  necesssfty  for  operation  at  10  kv.  and  10  amps., 
12  kv.  and  12  amps.,  and  14  kv.  and  14  amps,  could  be  attained  with  a 
single  magnet  design.     No  specific  requirements  on  variation  of  output 
characteristics  were  made  at  that  time,  but  it  was  understood  that  only  a 
magnetron  whose  pulling  figure  varied  by  an  amount  of  the  order  of  3  mc/s 
or  less  over  the  entire  frequency  band  would  be  acceptable.     Similarly,  it 
was  understood  that  the  tuning  mechanism  should  provide  smooth  varia- 
tion in  frequency  with  a  minimum  of  backlash  and  of  such  resettability  that 
the  use  of  a  wavemeter  would  not  be  required  in  setting  the  radar  system  to  a 
new    frequency. 

During  the  course  of  the  development  at  the  Bell  Laboratories  it  became 
necessar>^  to  redesign  the  magnetron  in  a  number  of  important  respects. 
The  requirement  that  the  magnetron  operate  at  14  kv.  and  14  amps,  de- 
manded a  magnetic  field  for  which  the  magnet  weight  would  be  prohibitive. 
Consequently,  anode  and  cathode  radii  were  scaled  from  those  of  the  725A 
magnetron  by  the  factor  1.2.  The  larger  cathode  resulting  from  this  re- 
design made  easier  the  problem  of  attaining  the  maximum  of  200  kw.  peak 
input  power  required  by  the  specifications.  However,  it  caused  a  recurrence 
of  the  difficulty  with  a  resonance  of  the  tuning  pin  structure  appearing  in  the 
8500  to  9600  mc  's  range.  This  had  been  found  at  the  Columbia  Laboratory 
to  be  a  resonance  of  the  capacitance  between  the  pins  and  anode  structure 
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with  the  inductance  of  the  end  space  region  through  which  the  pins  project 
from  the  magnet  pole  piece  into  the  resonators.  As  before,  the  frequency 
of  this  resonance  was  removed  by  filling  the  end  space  with  a  copper  ring  or 
collar. 

In  the  course  of  study  of  this  resonance  and  of  output  circuit  characteris- 
tics, an  extensive  program  of  testing  of  non-oscillating  experimental  models, 
whether  operable  or  not,  was  carried  out  to  supplement  the  data  of  oscillation 
tests.  From  these  measurements,  three  important  types  of  data  were 
obtained,  namely,  the  variation  of  pulling  figure  with  frequency,  the  amount 
of  RF  energy  loss  introduced  by  the  insertion  of  the  tuning  pins,  and  the 
variation  of  frequency  with  position  of  the  tuning  head.  The  first  of  these 
data,  combined  with  measurements  of  the  output  circuit  transformer  char- 
acteristics made  on  simulated  and  adjustable  models,  yielded  a  complete 
understanding  of  the  functioning  of  the  output  circuit.  The  effect  of 
coupling  loop  size  and  of  the  variation  of  the  dimensions  of  the  coaxial  to 
wave  guide  junction  on  the  performance  of  the  magnetron  over  the  frequency 
range  were  determined.  Although  other  designs  of  output  circuits  of  the 
general  725 A  type  were  experimented  with,  it  was  possible  to  adjust  the 
parameters  of  the  original  725A  output  circuit  to  give  a  reasonabl}^  flat 
characteristic  with  frequency.  In  Fig.  72  are  shown  the  variation  of  pulling 
figure  and  Qext  over  the  frequency  band. 

The  variation  of  unloaded  Q  with  frequency,  obtained  in  the  above  men- 
tioned non-oscillating  tests,  indicated  that  stainless  steel  pins  or  even  such 
pins  copper  plated  to  a  considerable  thickness  were  unsatisfactory.  It  was 
found  that  under  the  heat  treatment  occurring  during  brazing  operations 
the  copper  plate  and  steel  diffused  through  each  other  so  as  to  increase 
markedly  the  surface  resistance  of  the  pins.  Copper  sheathed  pins  were 
found  to  be  satisfactoty.  Solid  copper  was  finally  used  as  it  was  found  to 
possess  sufficient  strength  under  mechanical  shock  test.  Even  so,  as  Fig. 
72  indicates,  the  Qo  of  the  resonator  system  falls  off  with  increasing  fre- 
quency and  pin  penetration. 

Determination  of  the  variation  of  frequency  with  position  of  the  tuning 
pins  dictated  the  design  of  the  drive  mechanism  to  provide  the  necessary 
range  of  motion.  It  was  found  that,  with  a  pin  diameter  of  0.064  in.  moving 
in  resonator  holes  of  0.088  in.  diameter,  the  frequency  band  could  be  spanned 
in  a  total  travel  of  0.110  in.  Fig.  72  shows  the  nearly  linear  relationship 
between  frequency  and  pin  penetration. 

The  drive  mechanism  of  the  early  Columbia  models  was  redesigned  to 
make  possible  its  fabrication  by  a  single  brazing  operation  in  a  jig  and  to 
provide  a  sleev'e  rather  than  a  thread  bearing.  The  backlash  achieved  in  the 
final  design  is  such  that  one  may  reset  the  tuning  head  for  a  given  frequency 
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to  within  1  mc/s  wliich  corresponds  to  a  displacement  of  tlie  pins  of  0.0001 
in.  and  to  0.1  turn  of  the  worm  wheel  drive.  The  tuning  mechanism  is 
provided  with  a  positive  stop  at  each  end  of  the  tuning  range.  The  fre- 
quency band  is  covered  in  five  revolutions  of  the  main  drive  screw  and  gear. 
A  fle.xible  vacuum  envelope  is  provided  by  means  of  sylphon  bellows.  De- 
tails of  the  design  may  be  seen  in  the  sectioned  model  shown  in  Fig.  71. 
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FREQUENCY   IN  MEGACYCLES  PER  SECOND 

Fig.  72 — Smoothed  characteristics  of  the  2J51  tunable  magnetron  {55  k\v.,  8500  to 
9600  mc/s)  throughout  its  frequenc}-  band.  Shown  is  the  dependence  upon  frequency 
of  the  unloaded  Q,  Qo]  of  the  external  Q,  Qexi]  of  the  circuit  efficienc}-,  t/c;  of  the  electronic 
efficiency,  jj^;  of  the  over-all  efficiency,  rj;  and  of  the  pulling  figure  ,  PF.  Also  shown  is 
the  dependence  of  the  operating  frequency  upon  position  of  the  tuning  pins,  D,  measured 
from  the  position  of  maximum  intrusion.  The  dashed  lines  on  either  side  of  the  exper- 
imental  curves  indicate  the  range  of  possible  variation  of  the  data.  The  curves  for  r]c  and 
rit  have  been  determined  from  the  experimental  results  by  the  use  of  equation  (25)  of 
PART  I  and  the  relation  v  =  Ve  Vc- 


The  elimination  of  radial  cathode  support  leads  and  the  use  of  the  mag- 
netic pole  pieces  as  the  end  covers  of  the  magnetron  body  made  possible  a 
large  reduction  in  the  magnet  gap  and  magnetomotive  force  required  to 
produce  the  necessary  magnetic  field.  Because  of  the  requirement  of  inter- 
changeability  with  the  725 A  magnetron,  a  very  awkward  V'-shape  magnet 
design  in  which  the  leakage  flux  was  tremendous  could  not  be  avoided. 
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Fortunately,  before  production  commenced,  relaxation  of  the  interchange- 
ability  requirements  made  a  change  in  the  magnet  form  possible,  and  the 
much  more  efficient  U-shape  of  those  shown  in  Fig.  70  was  adopted. 

In  performance,  the  2J51  magnetron  is  essentially  a  725 A  capable  of 
operating  over  a  12  per  cent  frequency  band.  Table  III  gives  two  sets  of 
operating  conditions  available  through  the  use  of  the  magnetic  shunts.  Fig. 
72  shows  several  circuit  characteristics  of  the  magnetron  over  the  frequency 
band.  Also  shown  is  the  variation  in  over-all  operating  efficiency.  The 
slight  drop  in  efficiency  observed  as  the  frequency  increases  is  due  primarily 
to  the  decrease  in  Qo.  The  electronic  efficiency  increases  slightly  with 
increasing  frequency.  The  performance  chart  of  the  magnetron  at  its 
intermediate  magnetic  field  is  very  similar  to  that  of  the  725A  at  the  same 
field  value,  as  shown  in  Fig.  68.  The  performance  of  the  2J51,  when  con- 
nected to  a  long,  mismatched  line  exhibits  a  periodicity  in  power  output, 
pulling  figure,  and  frequency  variation  as  the  tuning  is  changed.  This  is 
expected  in  such  a  case  because  of  the  resulting  changes  occurring  in  the 
electrical  length  of  the  line  with  changing  frequency.  If  the  mismatch  is 
sufficiently  great,  the  condition  may  exist  in  which  periodic  regions  of  the 
frequency  spectrum  are  completely  unattainable,  as  discussed  in  section  10.2 
Frequency  Sensitive  Loads. 

The  2J51  represents  an  attempt  to  design  considerable  versatility  into  one 
magnetron.  As  has  been  described  in  the  discussion  of  the  2J55  and  2J56, 
the  development  of  the  2J51  provided  the  opportunity  to  make  available 
"packaged"  magnetrons  of  fixed  wavelengths  near  3  cm.  by  the  omission 
of  the  tuning  mechanism. 

19.  Magnetrons  for  Wavelengths  near  3  Centimeters — 
100  TO  300  Kilowatts 

19.1.  The  4J50,  4J52,  and  4J78  Magnetrons:  In  the  later  stages  of  devel- 
opment of  the  725A,  it  had  been  demonstrated  that  a  high  efficiency  scaled 
magnetron  of  wavelength  near  3  cm.  was  feasible.  It  also  had  become  evi- 
dent that,  freed  from  the  hampering  restrictions  on  input  power  and  me- 
chanical interchangeability,  a  magnetron  of  considerably  greater  output 
power  capabilities  could  be  made.  The  achievement  of  a  magnetron  design 
capable  of  delivering  at  least  200  kw.  output  power  at  a  duty  cycle  of  0.001 
or  greater  was  set  as  a  first  objective.  This  was  achieved  with  a  good 
margin.  During  its  entire  course,  the  program  was  actively  participated 
in  by  members  of  the  Radiation  Laboratory'  at  M.  I.  T.  working  in  residence 
at  the  Bell  Laboratories. 

The  objective  of  200  kw.  peak  output  power  at  the  factory  test  was  not 
considered  to  be  the  maximum  obtainable  from  a  3  cm.   magnetron  but 
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was  largely  determined  by  the  state  of  development  of  systems  and  com- 
ponents when  the  work  began.  It  was  desirable  to  produce  a  magnetron 
which,  while  marking  a  very  substantial  gain  over  the  725 A  in  power  output, 
should  at  the  same  time  be  of  reasonable  weight,  air-cooled,  and  capable  of 
operation  with  a  pulser  of  modest  dimensions  and  of  working  into  the 
system  components  in  existence  or  under  development. 

The  design  began  with  the  choice  of  a  resonator  system  having  sixteen 
resonators.  The  anode  diameter  was  chosen  for  an  operating  voltage  range 
of  20  to  25  k\^  The  increase  in  number  of  resonators  from  twelve  to  six- 
teen and  operation  at  higher  voltage  necessitated  a  considerable  increase  in 
cathode  diameter  over  that  of  the  725A.  The  length  of  the  anode  was  left 
as  before  because  it  was  felt  that  the  desired  increase  in  total  cathode  emis- 
sion would  be  available  from  the  increase  in  cathode  area  and  that  the  mag- 
net weight  ought  to  be  kept  as  low  as  possible. 

Experimental  models  incorporating  these  design  changes  were  built  in 
the  725A  type  structure  with  radial  cathode  mount,  "halo"  coupling  loop 
and  coaxial  output  terminating  in  a  junction  to  wave  guide.  The  per- 
formance of  these  early  models  was  satisfactory.  Operating  efficiency 
better  than  that  of  the  725A  mgnetron  was  achieved  over  the  range  of 
currents  from  4  to  40  amps. 

However,  it  was  easily  to  be  seen  that  the  725A  type  structure  was  by 
no  means  the  ideal  for  a  3  cm.  magnetron  of  increased  output  power.  The 
output  circuit  was  marginal  in  its  power  handling  capabilities;  it  could 
transmit  no  more  than  300  kw.  Furthermore,  the  opportunity  presented 
itself  of  eliminating  other  troublesome  features  such  as  the  "halo"  loop  and 
the  coaxial  to  wave  guide  junction  by  designing  a  wave  guide  output  whose 
critical  dimensions  are  machined  to  size.  The  type  of  cathode  structure 
of  the  725A  was  limited  in  its  heat  dissipation  in  comparison  with  the  axial 
type  of  cathode  mount  made  possible  by  the  use  of  magnet  "packaging". 
In  addition,  the  axial  type  cathode  mount  is  superior  from  the  standpoints 
of  DC  voltage  breakdown  and  economy  of  space.  Considerations  of  weight 
also  favored  the  "packaged"  structure,  in  which  the  magnet  pole  pieces 
form  an  integral  part  of  the  magnetron  structure.  Many  of  these  first 
experimental  models  suffered  from  a  drooping  voltage-current  characteristic 
at  constant  magnetic  field  in  the  region  of  low  currents.  This  effect  and 
its  attendant  loss  of  operating  efficiency  became  progressively  worse  as 
the  magnetron  was  operated.  It  was  hoped  that  the  parasitic  electron 
emission  from  the  cathode  end  disks,  believed  from  experiments  with  non- 
emissive  coating  materials  to  be  responsible  for  the  effect,  could  be  elimi- 
nated or  reduced  in  an  axially  mounted  cathode. 

Accordingly,  an  entirely  new  design  was  undertaken,  built  around  the 
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sixteen  resonator  anode  structure  used  in  the  early  work  but  including 
the  features  of  "packaging,"  axial  cathode  mount,  and  wave  guide  output. 
A  number  of  vexing  but  nevertheless  interesting  problems  was  encountered. 
Principal  among  these  were  the  tendency  to  operate  in  another  mode  under 
certain  conditions  and  the  problem  of  obtaining  satisfactor}^-  magnetic  field 
uniformity  in  a  design  which  necessitated  the  removal  of  a  considerable 
portion  of  the  center  of  the  magnet  pole  piece  to  accommodate  the  axial 
cathode  mount.  Each  of  these  difficulties  was  surmounted  as  is  described 
in  the  detailed  discussion  later.  The  resonator  system  was  redesigned 
quite  late  in  the  development  to  take  advantage  of  the  possibihty  of  oper- 
ating at  a  lower  electronic  conductance  and  hence  higher  RF  voltage  for  the 
same  output  power.  The  advantages  of  this  step  were  a  reduction  in  the 
tendency  of  the  magnetron  to  "mode"  and  an  increase  in  unloaded  Q. 

The  development  program  briefly  sketched  above  resulted  in  three 
coded  magnetrons,  the  4J50,  4J52,  and  4J78.  The  4J50  and  4J78  magne- 
trons, identical  except  for  frequency,  were  built  with  magnets  large  enough 
to  permit  operation  near  the  maximum  power  capabilities  of  the  design  and 
with  larger  input  leads  to  withstand  the  higher  DC  voltage  required.  The 
4J52  magnetron,  although  incorporating  the  same  internal  design  as  the 
other  models,  was  built  with  smaller  magnets  for  operation  at  a  set  of 
conditions  easily  attainable  with  the  higher  power  design  but  beyond  the 
reach  of  the  725A.  Developmental  work  on  all  three  magnetrons  was 
conducted  simultaneously. 

In  the  4J50  magnetron  a  hole  and  slot  resonator  system  was  adopted. 
The  remarkable  freedom  of  the  725A  magnetron  from  "moding"  difficulties 
had  made  it  appear  desirable  to  retain  as  large  a  mode  frequency  separation 
as  possible.  Equivalent  circuit  theory  indicated  that  to  do  this  the  increase 
in  the  number  of  resonators  from  twelve  to  sixteen  would  necessitate  about 
twice  the  strap  capacitance  of  the  725A.  This  would  have  required  ex- 
tremely wide  straps  for  which  the  recess  channel  in  the  anode  structure 
would  be  very  difficult  to  trepan.  For  this  reason  the  resonator  system 
was  strapped  less  heavily;  the  ii  =  8  and  )i  =  7  mode  frequencies  differed 
by  19  per  cent  rather  than  25  per  cent  as  in  the  725A. 

In  none  of  the  early  models  built  into  725A  type  structures  was  any 
"moding"  or  "misfiring"  observed.  When  axial  cathode  and  wave  guide 
output  were  introduced,  however,  "moding"  was  experienced  both  in  those 
with  no  strap  breaks  and  those  with  the  usual  double  break  at  one  end  of  the 
anode.  By  enlarging  the  cathode  diameter  such  that  the  ratio  of  cathode 
to  anode  radii  increased  from  0.60  to  0.66,  the  difficulty  was  removed  in 
models  with  broken  straps,  but  it  was  not  possible  to  ehminate  it  in  those 
with  unbroken  straps.  Decreasing  the  rc/ra  ratio  increased  the  tendency 
to  "mode." 
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It  might  be  surmised  that  the  trouble  in  the  unbroken  strap  case  was  due 
to  a  component  of  //  =  7  wliich  did  not  couj)lc  to  the  output  circuit.  The 
phenomenon  was  studied  in  an  operating  magnetron  with  small  electro- 
static probes  built  into  several  resonators.  The  n  —  7  components  were 
identified,  their  relative  intensities  being  approximately  those  expected. 
It  is  of  some  interest  to  note  that  the  "moding"  encountered  here  differed 
from  that  seen  in  magnetrons  of  longer  wavelength.  The  magnetron 
seemed  invariably  to  start  in  the  w  mode,  falling  into  oscillation  in  the 
n  =  7  mode  more  rapidly  as  loading  increased.  As  might  be  expected  from 
this  behavior,  the  mode  boundary  on  a  performance  chart  is  little  afifected 
by  the  rate  of  rise  of  the  pulse  as  it  had  been  in  other  magnetrons.  Later 
evidence  made  it  appear  that  the  change  in  the  operating  voltage  of  the 
n  =  7  mode  brought  about  by  the  redesign  of  the  resonator  system  was 
a  decided  improvement. 

The  necessity  of  using  strap  breaks  led  to  an  unforeseen  difficulty.  Un- 
der the  influence  of  RF  electric  forces,  the  overhanging  ends  of  the  straps 
at  the  strap  breaks  moved  together  and  shorted,  causing  failure  after  only 
a  few  hours  of  operation.  The  trouble  was  eliminated  by  removing  the 
overhanging  portions  of  the  straps  with  no  noticeably  harmful  effects. 

In  a  3  cm.  magnetron,  strapped  as  heavily  as  the  4J50,  circuit  losses 
become  very  important  in  determining  the  over-all  efficiency.  A  noticeable 
improvement  in  unloaded  Q  was  effected  when  an  atmosphere  of  prepurified 
No  was  substituted  for  the  C02-alcohol  mixture  which  had  previously  been 
used  to  prevent  oxidation  during  the  final  brazing.  The  C02-alcohol 
method  had  been  abandoned  for  another  reason,  namely,  that  chemical 
analysis  showed  carbon  deposited  on  the  steel  pole-pieces  underneath  the 
copper  plating. 

If  one  determines  the  circuit  efficiency  for  matched  load  by  impedance 
measurements  on  a  non-oscillating  magnetron  [see  equation  (25)  of  PART  I], 
one  may  then  calculate  its  value  for  any  load.  From  measurements  of 
over-all  efficiency  as  a  function  of  load  conductance,  the  dependence  of  the 
electronic  efficiency  on  this  conductance  may  be  determined.  The  curve 
of  Fig.  19  was  obtained  in  this  way  for  the  4J50.  The  fact  that  the  elec- 
tronic efficiency,  as  seen  in  Fig.  19  is  practically  independent  of  load,  that 
is  to  say,  of  electronic  conductance,  together  with  some  observations  of 
the  load  sensitivity  of  the  "moding"  in  the  4J52,  led  to  consideration  of 
a  new  design  for  the  resonator  system.  It  was  found  invariably  that  the 
boundary  for  mode  change  in  the  4J52  magnetron  moved  to  higher  currents 
as  the  load  impedance  was  changed  to  values  further  removed  from  the 
frequency  sink  and  power  maximum  in  any  direction  on  the  Rieke  diagram. 
This  suggests  that,  as   the  circuit  conductance  [Gs   of   equation  (36)J  is 
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increased,  the  decrease  in  RF  voltage  in  the  tt  mode  places  that  mode  at  a 
disadvantage  in  competition  with  the  n  =  1  mode. 

As  a  result  of  these  considerations,  a  new  resonator  system  was  designed 
in  which  the  electronic  conductance  at  the  normal  operating  point  was  to  be 
two  thirds  of  that  in  the  first  design.  To  maintain  the  pulling  figure  invari- 
ant, it  was  necessary  to  reduce  the  total  resonator  capacitance.  Although  all 
of  this  capacitance  could  not  be  removed  from  the  straps  without  reducing 
the  mode  frequency  separation  too  drastically,  a  good  proportion  of  it 
could  be.  From  this,  one  might  expect  a  gain  in  unloaded  Q  since  the  straps 
are  the  lossiest  part  of  the  circuit. 

The  new  resonator  system  is  more  satisfactory  than  the  old.  Mechani- 
cally, it  is  neater  in  that  the  outer  strap  does  not  extend  into  the  holes  of 
the  hole  and  slot  resonators.  A  definite  increase  in  over-all  efficiency  at- 
tributable to  a  greater  Qo  was  observed.  The  mode  separation  is  17  per 
cent,  much  greater  than  the  expected  value.  An  analysis  of  data  on  the 
n  =  8,  7,  and  6  mode  wave  lengths,  by  means  of  equivalent  circuit  theory, 
indicated  that  this  is  due  to  the  straps  being  effectively  shorter  although 
their  physical  length  is  unchanged  in  the  new  design.  This  is  plausible, 
however,  for  in  the  new  design  the  outer  strap  is  connected  at  a  higher 
voltage  point  along  the  resonator. 

The  cathode  structure  of  the  4J50,  4J52,  and  4J78  magnetrons  represents 
a  radical  departure  from  previous  designs.  It  was  desirable  from  the 
production  standpoint  to  be  able  to  build  the  cathode  structure  completely 
as  a  subassembly  before  mounting  it  in  the  magnetron.  This  entailed 
making  holes  in  the  magnet  pole  pieces  large  enough  for  the  cathode  to 
pass  through ;  these  holes  were,  in  fact,  made  of  the  same  diameter  as  the 
anode  (0.319  in.).  Since  no  radial  cathode  support  leads  were  required, 
it  was  possible  to  reduce  the  end  spaces  to  a  height  of  0.065  in.,  making  the 
magnet  pole  gap  0.380  in.  It  was  recognized  that  the  large  hole  to  gap 
ratio  would  result  in  two  bad  effects:  first,  a  loss  of  magnetic  field  and, second, 
an  antibarreling  of  the  magnetic  field  which  results  in  an  axial  force  acting 
on  the  electrons,  directed  away  from  the  center  of  the  interaction  space. 
Both  of  these  difficulties  were  surmounted  by  the  use  of  cathode  end  struc- 
tures made  of  high  Curie  temperature  permendur  (50  per  cent  iron,  50  per 
cent  cobalt). 

The  permendur  pieces,  toroidal  in  shape,  are  mounted  at  the  two  ends 
of  the  cathode  (see  Figs.  75  and  78).  Their  cross  section  and  location, 
necessaty  for  a  nearly  uniform  field  over  80  per  cent  of  the  gap  and  a  focusing 
field  over  the  remainder,  were  determined  in  electrolytic  tank  experiments. 
Since  the  permendur  pieces  fill  up  a  part  of  the  hole  in  the  magnet  pole  piece 
and  have  a  separation  less  than  the  pole  gap,  they  contribute  substantially 
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to  the  magnetic  lield  in  the  anode-cathode  region.  The  effective  gap  is 
reduced  from  0.380  in.  to  0.340  in.  by  their  presence,  resulting  in  about  a 
20  per  cent  decrease  in  magnet  weight.  While  their  primary-  function  is 
magnetic,  the  permendur  pieces  also  serve  as  normal  cathode  end  disks  pre- 
venting electrons  from  reaching  the  pole  pieces.  Their  smooth  contour 
gives  a  good  DC  voltage  breakdown  condition  between  anode  and  cathode. 
Finally,  they  are  mounted  in  such  a  way  that  there  is  some  thermal  isolation 
from  the  cathode  and  that  the  migration  path  from  cathode  to  external 
surface  of  the  permendur  is  quite  long.  These  features  discourage  electron 
emission  from  the  cathode  end  structures. 

Almost  any  degree  of  cooling  may  be  obtained  with  an  axially  mounted 
cathode  without  the  attendant  disadvantages  of  the  heavy  tungsten  leads 
which  fill  up  the  end  spaces  of  a  magnetron  having  radial  cathode  mounting. 
An  upper  limit  to  the  cooling  is  set  by  the  fact  that  the  cathode  must  be 
raised  to  1050°C  in  activation,  using  a  heater  which  can  be  contained  within 
the  cathode  sleeve  without  encroaching  too  much  upon  its  wall  thickness. 
The  high  temperature  needed  during  activation  sets  certain  limits  upon  the 
materials  which  may  be  used  in  the  cathode  structure.  Since  the  cathode  is 
mounted  from  one  end  only  (this  being  dictated  by  assembly  considera- 
tions), mechanical  strength  is  exceedingly  important.  A  cathode,  once 
off  center,  is  subjected  to  magnetic  forces  on  the  permendur  ends  which 
tend  to  pull  it  further  off  center.  Fortimately,  measurement  at  the  mag- 
netic fields  used  in  normal  operation  shows  that  these  forces  are  only  of  the 
order  of  one  pound  for  a  cathode  position  0.015  in.  off  the  axis,  increasing 
to  about  3.5  pounds  when  the  permendur  is  in  contact  with  the  wall. 

The  first  cathode  surfaces  used  in  these  magnetrons  were  of  the  "mesh" 
type.  Later,  the  newly  developed,  sintered  nickel  matrix  type  was  used. 
More  recently,  considerations  of  strength  have  led  to  the  introduction  of 
molybdenum  cathodes.  The  cathode  assembly  is  brazed  into  a  hollow 
metal  cone  in  the  base  of  which  is  a  receptacle  type  heater  and  cathode 
connection.  Because  of  the  length  of  the  supporting  structure  and  the 
relatively  high  temperature  at  which  it  operates,  there  is  considerable 
expansion  and  resultant  motion  of  the  cathode  in  the  axial  direction.  The 
cathode  is  offset  when  cold  to  correct  for  this  expansion.  Performance  is 
not  very  sensitive  to  cathode  location,  but  in  extreme  cases  of  misalignment 
moding  difficulties  may  be  aggravated.  The  cathode  structure  is  to  be 
seen  in  Fig.  78  and  is  shown  mounted  in  the  magnetron  in  Fig.  75.  Atten- 
tion should  be  called  to  the  external  cathode  input  lead  which  is  of  hea\y 
glass  and  Kovar  construction  sufficiently  rugged  to  make  unnecessary  any 
protective  housing. 

In  the  wave  guide  output  designed  for  the  4J50  magnetron,  the  necessary 
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impedance  transformation  is  accomplished  by  a  quarter  wavelength  section 
opening  directly  into  the  output  wave  guide  at  one  end  and  into  the  outside 
wall  of  one  resonator  at  the  other  (see  Fig.  30  and  discussion  in  PART  I). 
The  small  height  of  the  resonator  system  from  pole  piece  to  pole  piece  makes 
it  necessary  to  use  a  loaded  line,  in  this  case  of  H-shape  cross  section.  The 
nature  of  the  output  circuit  may  be  seen  in  the  photograph  of  a  cutaway 
model  of  the  4J52  in  Fig.  75. 

The  transformation  from  the  wave  guide  impedance  of  about  400  ohms 
through  the  iris  formed  by  the  junction  of  the  H-shape  and  rectangular 
wave  guides  and  through  the  X/4  section  inserts  a  resistance  of  about  2  ohms 
in  series  with  the  resonator  to  which  the  output  circuit  is  connected.  End 
efifects  make  the  desired  transformer  length  differ  slightly  from  X/4.  The 
length  necessar}^-  to  give  a  pure  resistance  at  the  input  end  was  deter- 
mined by  measurements  in  a  10  cm.  model  with  which  the  distance  from 
the  rectangular  wave  guide  to  the  first  voltage  minimum  in  the  H-section 
could  be  measured. 

The  vacuum  seal  in  the  wave  guide  output  circuit  was  made  at  a  circular 
window  sealed  in  a  Kovar  cup,  mounted  between  choke  couplings  as  seen 
in  Fig.  75.  The  diameter  of  the  window  and  its  thickness  were  chosen  so 
that  the  reflection  coefficient  of  the  window  would  be  quite  low  over  a  broad 
band  of  wavelengths  near  3  cm.  Insertion  of  a  dielectric  such  as  the  glass 
window  into  the  wave  guide  line  increases  the  capacitance  per  unit  length 
of  the  line.  Compensation  for  this  to  bring  the  characteristic  impedance 
back  to  the  normal  value  is  done  by  increasing  the  inductance  per  unit 
length  over  the  same  region.  This  may  be  accomplished  by  reduction  of 
the  long  dimension  of  the  wave  guide  resulting  in  a  nearly  square  cross 
section.  The  circular  opening,  preferable  for  glass  sealing,  is  a  compromise, 
the  critical  diameter  being  determined  by  experiment.  The  relatively  large 
size  of  the  window  makes  it  capable  of  withstanding  RF  voltage  breakdown 
even  at  very  high  power. 

Control  of  the  output  coupling  is  most  readily  effected  by  varying  the 
width  of  the  slot  in  the  H-section.  The  over-all  transformation  properties 
of  the  H-section  have  been  analyzed  theoretically  and  the  results  confirmed 
by  measurements  on  output  circuit  models.  By  means  of  this  analysis 
it  is  possible  to  estimate  fairly  well  the  effect  of  changes  in  the  slot  width 
upon  the  pulling  figure.  To  hold  the  latter  within  production  limits  of 
±  2  mc/s,  the  slot  must  be  held  to  ±0.001  in. 

The  output  circuit  of  the  magnetron  is  formed  by  building  up  the  as- 
sembly from  sections  in  what  has  been  called  a  "sandwich"  type  construc- 
tion. The  resonator  system  and  the  central  portion  of  the  output  H-section 
are  machined  into  one  slab  of  copper.     The  "sides"  of  the  H-section  are 
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milled  into  this  piece  on  either  end.  This  center  slab  is  "capped"  on  each 
end  by  a  slab  of  copper,  in  which  are  contained  the  magnet  pole  pieces 
and  appropriate  surfaces  on  which  to  build  the  rest  of  the  magnetron.  Some 
of  the  details  of  this  structure  may  be  seen  in  the  cutaway  model  of  Fig.  75. 
Despite  the  large  impedance  transformations  involved,  the  output  cir- 
cuit is  quite  frequency  insensitive.  As  it  appeared  that  these  magnetrons 
might  be  made  tunable,  considerable  attention  was  paid  to  this  characteris- 
tic.    Numerous  tests  of  the  output  circuit  and  its  component  parts  were 


Fig.  73 — An  external  view  of  the  4J50  "packaged"  magnetron  (280  kw.,  9375  mc/s). 
Note  the  circular  glass  window  in  the  wave  guide  output  circuit  and  rugged  axial  input 
lead  which  requires  no  external  protecting  boot. 


made  over  the  8500-9600  mc/s  band.  The  iris  and  quarter  wave  length 
guide  section  were  studied  theoretically  in  this  regard  as  well.  The  trans- 
former properties  of  the  window  and  choke  coupling  combination  is  the 
most  frequency  sensitive  part  of  the  entire  output  circuit.  By  adjustment 
of  the  distance  from  the  H-section  to  the  window,  it  was  found  possible  to 
cancel  some  of  the  sensitivity  of  the  two  parts. 

External  views  of  the  4J50  (4J78)  and  the  4J52  magnetrons  are  shown 
in  Figs.  73  and  74  respectively.  The  internal  view  of  the  4J52  is  shown 
in  Fig.  75. 

Except  for  magnet  size  and  cathode  supporting  structure  all  three  of 
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these  magnetrons  are  essentially  identical.  Geometrical  and  performance 
data  are  given  in  Table  III.  As  may  be  seen,  these  magnetrons  represent 
an  increase  in  power  capabilities  by  a  sizable  factor  over  the  725A.  The 
4J52  magnetron  has  been  used  extensively  under  the  severe  conditions  of 
5  yus  pulse  duration,  a  repetition  rate  of  200  pulses  per  second,  15  kv.  and 
15  amps,  input.  Under  these  conditions  it  has  not  been  possible  to  elimi- 
nate entirely  a  tendency  to  arc,  although  good  performance  is  obtained. 


Fig.  74— The  4J52  "packaged"  magnetron  (100  kw.,  9375  mc/s). 

In  most  respects  these  magnetrons  represent  the  optimum  achieved  in 
magnetron  design  for  wavelengths  near  3  cm.  during  the  war.  Largely 
because  of  the  lack  of  hampering  electrical  and  mechanical  restrictions, 
it  was  possible  to  make  use  of  all  the  latest  and  best  techniques  in  the  design 
of  each  of  its  parts.  Thus  each  possesses  the  desirable  features  of  "pack- 
aging," axial  cathode  mount,  wave  guide  output,  and  high  efficiency  at 
low  pulling  figure. 

20.  Magnetrons  for  Wavelengths  near  1   Centimeter 

20.1  Preliminary  Work:  Intensive  work  on  magnetrons  for  wavelengths 
near  1  cm.  began  when  a  joint  program  with  the  Radiation  Laboratory  at 


MAGNETRON  AS  GENERATOR  OF  CENTIMETER  WAVES 


m 


Columbia  University  was  undertaken  to  prepare  for  manufacture  a  variation 
of  a  magnetron  developed  there.  Prior  to  this,  some  work,  primarily  of  an 
exploratory  nature  had  been  done  in  our  Laboratories.  When  it  had  been 
demonstrated  that  scaling  from  the  10  cm.  range  yielded  an  efficient  3  cm. 
magnetron,  similar  attempts  were  made  in  scaling  to  wavelengths  of  1  to  2 
cm.     Magnetrons  of  such  wavelengths,  obtained  by  scaling  from  eight 


Fig.  75— A  view  i)f  a  cut-away  4J52  "packaged"  magnetron  (100  kw.,  9375  nic/s) 
which  in  internal  details  is  efsentially  like  the  4J50  magnetron  (280  kw.,  9375  mc/s). 
Of  special  interest  are:  the  axial  cathode  construction  including  permendur  end  pieces 
and  radiative  extension;  the  c}uarter  wavelength  transformer  of  H-shape  cross  section 
(between  the  output  resonator  and  the  line  wave  guide);  and  the  wave  guide  window  con- 
struction with  associated  chokes. 


resonator,  10  cm.  models  like  the  706A-C,  were  unstrapped  while  others 
were  strapped  with  the  early  British  type  of  strapping  and  with  double  ring 
type  strapping.  Others  were  made  by  scaling  from  twelve  resonator,  3  cm. 
models  and  were  strapped  with  both  double  and  single  ring  straps.  The 
output  circuits  used  were  of  the  loop  and  coaxial  type. 

Although  some  of  these  magnetrons  were  faulty,  primarily  in  their  output 
circuits,  the  majority  oscillated.  One  magnetron  of  the  unstrapped  eight 
resonator  variety,  the  most  successful  type,  was  operated  over  a  consider- 
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able  period  in  our  Laboratories.  Although  no  magnetron  was  developed 
for  manufacture  from  this  work,  the  experience  gained  was  very  useful  in 
the  concurrent  work  at  3  cm.  where  a  similar  development  program  of 
small  magnetrons  was  under  way.  Specific  developments  in  this  category 
which  should  be  mentioned  are:  the  use  of  inserts  in  which  the  magnetron 
resonator  system  is  machined,  separable  from  the  rest  of  the  magnetron 
structure;  the  use  of  a  double  lead  cathode  input  seal  to  reduce  over-all 
thickness;  assembly  tools  for  cathode  and  strap  alignment;  and  the  work 
with  small  oxide  coated  cathodes.  The  work  was  discontinued  here  be- 
cause of  extensive  commitments  for  work  at  3  cm.  and  because  an  active 
and  successful  program  of  development  of  magnetrons  near  1  cm.  wave- 
length was  under  way  at  Columbia  University. 

The  work  at  the  Columbia  Radiation  Laborator}^  from  the  start  had  been 
concentrated  on  magnetrons  of  ver}'  short  wavelength.  The  first  Columbia 
magnetron  that  was  reasonably  successful  was  unstrapped,  having  a  vane 
type  resonator  system.  It  was  manufactured  in  small  quantities  as  the 
3J30.  Later,  the  "rising  sun"  resonator  system  was  discovered  there 
3J30.  Later,  the  "rising  sun"  resonator  system  was  discovered  as  a  means 
of  obtaining  mode  frequency  separation.  The  small  scale  manufacture  was 
then  shifted  to  the  new  anode  structure,  the  new  magnetron  being  the  3J3L 
It  was  a  satisfactory  magnetron  operating  at  about  14  kv.  and  14  amps., 
in  a  magnetic  field  of  7200  gauss,  at  a  pulling  figure  of  approximately  25 
mc/s,  and  a  power  output  of  about  iS  kw.  The  magnetic  field  was  obtained 
by  an  external,  separable  magnet.  The  cathode  was  supported  by  the 
conventional  radial  leads. 

In  addition  to  the  work  on  the  "rising  sun"  structure,  work  had  continued 
at  the  Columbia  Laborator\-  on  strapped  resonator  systems  for  use  at 
wavelengths  near  1  cm.  Performance  of  these  magnetrons  was  quite 
comparable  to  that  of  the  "rising  sun"  variety. 

20.2.  The  3 J 21  Magnetron:  The  Bell  Laboratories  undertook,  in  collabo- 
ration with  the  Columbia  Laboratory,  to  design  a  "packaged"  version  of 
the  3J31  magnetron  for  manufacture  by  the  Western  Electric  Co.  At  the 
time,  it  had  not  been  decided  whether  the  new  magnetron  should  have  a 
strapped  or  a  "rising  sun"  resonator  system.  Considerations  having 
primarily  to  do  with  manufacturing  techniques  indicated  the  latter  to  be 
preferable  although  the  former  would  have  been  possible.  Accordingly, 
work  was  started  on  a  "packaged",  "rising  sun"  magnetron  to  oscillate  at 
1.25  cm.  wavelength  (24,000  mc/s).  It  was  to  have  wave  guide  output  like 
the  Columbia  model  and  axial  cathode  mount  dictated  by  the  "packaged" 
construction.  Operating  conditions  were  to  be  15  kv.,  15  amps.,  a  pulling 
figure  of  25  mc/s,  and  as  much  peak  power  as  could  be  obtained.  It  was 
coded  the  3J21. 
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In  the  development  of  the  3J21,  the  ''rising  sun"  resonator  system  used  by 
the  Columbia  Laboratory  was  adopted  practically  without  change.  The 
ratio  of  the  natural  frequencies  of  the  large  and  small  resonators  is  approxi- 
mately 1.8.  The  anode  diameter  is  0.160  in.  and  the  anode  length  0.190  in. 
The  structure  is  fabricated  by  the  so-called  "hubbing"  technique,'-^  which 
had  been  brought  to  a  high  state  of  development  at  the  Columbia  Laboratory 
for  the  purpose.  In  this  technique,  a  hardened  steel  die  or  hub,  machined 
to  be  the  "negative"  of  the  desired  contour,  is  forced  by  high  hydraulic 
])ressure  (of  order  250,000  Ib./sq.  in.)  into  a  copper  blank.  The  hubbed 
blank,  after  trimming  and  turning  to  size,  becomes  the  resonator  system 
and  body  of  the  magnetron.  The  proper  contour  to  receive  the  wave  guide 
output  circuit  is  then  bored. 

The  cathode  of  the  3J21  magnetron  has  a  diameter  of  0.096  in.  and  a 
length  of  active  coating  of  0.165  in.  At  15  amps,  peak  current,  the  current 
density  at  the  cathode  surface  is  about  50  amps./sq.  cm. — a  considerably 
higher  value  than  that  in  magnetrons  of  longer  wavelength.  Furthermore, 
the  back  bombardment  of  the  cathode  in  this  magnetron  is  about  10  per 
cent  of  the  input  power  as  compared  to  the  3  to  6  per  cent  in  longer  wave- 
length magnetrons.  For  these  reasons,  the  cathode  was  one  of  the  severest 
problems  of  the  whole  design. 

The  first  axially  mounted  cathodes  were  supported  on  Kovar  tubes  sealed 
to  the  input  glass  structure.  The  heater  lead  was  carried  down  the  center 
of  this  tube  through  a  glass  bead  in  the  input  end.  The  structure  resembled 
that  of  the  2J51  seen  in  Fig.  71.  Since  the  hole  through  the  magnetic  pole 
piece  was  initially  0.100  in.  and  the  cathode  end  disks  0.130  in.  in  diameter, 
the  cathode  was  assembled  onto  its  support  after  the  Kovar  tubing  was  in 
place.  However,  in  quantity  production  the  cathode  could  better  be 
assembled  as  a  unit  before  attachment  to  the  outer  glass  and  pole  piece 
structures.  At  the  expense  of  magnetic  field  strength  and  uniformity,  the 
hole  in  the  pole  piece  was  enlarged  to  accommodate  the  entire  cathode 
structure.  No  ill  effects  were  observed  and  no  special  features  such  as  the 
permendur  cathode  end  structures  of  the  4J50  magnetron  were  found 
necessary. 

The  problem  of  the  dissipation  of  the  considerable  heat  of  back  bombard- 
ment was  complicated  by  the  necessity  of  activating  the  cathode  at  a 
temperature  of  1050°C.  The  requirements  of  heat  dissipation  and  activation 
oppose  one  another,  one  calling  for  low  thermal  impedance  of  the  cathode 

-*  The  technique  is  here  called  "hubbing"  rather  than  bobbing  for  two  reasons:  The 
term  bobbing  has  a  meaning  in  machine  practice  quite  apart  from  the  technique  in  ques- 
tion. The  term  hultbing  is  used  for  processes  in  which  the  interior  of  a  piece  is  removed  by 
forcing  a  member  into  it.  It  presumably'  arose  from  the  early  practice  of  making  axle 
holes  by  forcing  a  hardened  steel  member  through  the  wrought  iron  wheel  hub.  Further- 
more, it  has  an  analogous  usage  in  coining. 
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support,  the  other,  high.  To  meet  each  requirement  satisfactorily  with 
the  first  cathode  structure  was  found  ver>^  difficult  if  not  impossible. 

A  major  step  forward  was  taken  in  the  design  of  the  so-called  "soldering 
iron"  cathode  in  which  the  heater  element  is  placed  in  a  larger  part  of  the 
cathode  lead,  heat  being  conducted  to  the  cathode  surface  through  a  solid 
rod.  The  cathode  itself  is  solid,  making  for  greater  rigidity  and  lower 
thermal  impedance.  The  heater  element  is  placed  where  it  may  be  made 
considerably  larger  and  more  rugged  than  if  placed  inside  the  cathode,  whose 
diameter  is  0.096  in.  A  view  of  the  3J21  magnetron  cathode  structure  is 
to  be  seen  in  Fig.  78.  The  heater  is  contained  within  the  section  of  larger 
diameter  immediately  adjacent   to   the  cathode. 

The  "soldering  iron"  cathode  presented  more  difficult  problems  of  heat 
conduction  and  dissipation  than  the  older  design.  For  an  operating  tem- 
perature of  800°C  at  the  cathode  surface,  it  is  necessary  to  heat  the  heater 
chamber  to  about  1000°C,  whereas  the  necessar>'  activation  temperature  of 
1050°C  requires  the  temperature  of  the  heater  chamber  to  be  about  1300°C. 
As  a  result,  rather  careful  design  to  provide  the  proper  balance  between 
heat  losses  by  conduction  and  radiation  was  necessary.  Radiation  losses, 
which  are  the  more  important  type,  are  increased  by  extending  the  cathode 
rod  considerably  beyond  the  active  surface,  as  seen  in  Fig.  78.  The  cathode 
should  also  have  good  thermal  conducting  properties  in  this  extension, 
throughout  the  main  cathode  body,  heater  chamber,  and  support.  Under 
normal  operating  conditions  the  heater  is  turned  off,  cathode  heat  being 
suppHed  solely  by  back  bombardment. 

It  is  apparent  that  a  cathode  design  of  this  type  calls  for  a  careful  choice  of 
materials.  They  must  be  highly  refractory  as  well  as  of  good  thermal 
conductivity  and  structural  strength.  Copper,  silver,  and  nickel  do  not  meet 
all  of  these  requirements.  The  first  cathodes  of  promise  were  turned  from 
solid  stock  of  30-called  machinable  molybdenum,  complete  with  cathode 
end  disks  and  heater  chamber.  The  heater  end  was  brazed  to  a  Kovar 
detail,  subsequently  welded  to  the  support  cone  of  the  type  developed  for 
the  4J52  magnetron.  However,  molybdenum  machines  poorly.  The  toler- 
ances on  size  did  not  permit  of  large  scale  production  of  precision  molyb- 
denum parts.  Consequently  it  was  proposed  to  make  the  cathode  of 
tungsten  rod  which  could  be  ground  to  shape  even  on  a  production  basis. 
The  cathode  end  disks  were  to  be  punched  or  turned  from  molybdenum  or 
Kovar  and  brazed  to  the  tungsten  rod.  The  tungsten  rod  extends  into  a 
hollow  molybdenum  heater  chamber,  the  dimensions  of  which  are  not  criti- 
cal. Inside  the  heater  chamber  the  heater  coil  encloses  the  protruding 
tungsten  rod  so  that  better  heat  conductivity  from  the  heater  to  the  cathode 
is  provided.  The  heater  is  brazed  to  the  cathode  at  one  end  in  the  braze 
between  the  tungsten  and  molybdenum.    The  other  end  is  spot  welded  to 
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a  heavy  central  support  lead  inside  the  Kovar  cone  through  a  hole  pro- 
vided in  the  cone.  The  input  end  of  the  heater  chamber  is  flared  to  ac- 
commodate the  Kovar  support  cone  to  which  it  is  brazed.  All  of  the  ma- 
terials are  thus  of  good  structural  strength.  The  tungsten  and  molybdenum 
are  good  thermal  conductors,  the  Kovar  not.  Some  parts  of  the  cathode 
were  grit  blasted  to  increase  their  radiative  emissivity. 

The  total  axial  motion  of  the  cathode  by  thermal  expansion  from  cold 
start  to  operation  is  0.008  in.  The  cathode  is  offset  axially  by  this  amount 
when  installed. 

The  cathode  surface  consists  of  a  nickel  matrix  base,  like  that  developed 
for  the  725A  magnetron,  into  which  the  active  coating  is  impregnated. 
Attempts  were  made  to  increase  the  thermal  conductivity  through  the 
0.008  in.  thickness  of  matrix.  Larger  particle  size  was  used.  Ball  milling 
the  nickel  powder  before  sintering  resulted  in  more  dense  particles.  A  later 
improvement  was  effected  by  making  the  matrix  oversize  by  a  mil  or  two, 
impregnating  it  with  the  active  coating,  and  then  compressing  it  to  size 
in  a  mold.  This  procedure  also  resulted  in  a  surface  far  superior  in  smooth- 
ness and  regularity  to  that  previously  obtained. 

The  first  output  circuit  used  in  the  3J21  magnetron,  like  that  in  the 
Columbia  model,  involved  a  quarter  wave  length  transforming  section 
of  low  characteristic  impedance  (about  20  ohms),  extending  from  an  iris 
in  the  "back"  of  one  of  the  large  resonators  directly  into  the  output  wave 
guide.  This  section  was  0.350  in.  high  and  about  0.0125  in.  wide.  It 
was  made  by  milling  a  slot  into  solid  bar  stock,  the  top  of  which  was  closed 
by  brazing  on  a  copper  plate.  A  quarter  wavelength  section  of  this  hne 
was  brazed  between  the  anode  body  and  the  output  wave  guide  piece  which 
carried  the  choke  joints  and  wave  guide  window  seal.  This  latter  piece  was 
fabricated  by  hubbing  a  rectangular  wave  guide  in  a  copper  cylinder  into 
which  the  circular  choke  was  later  turned.  The  wave  guide  window  con- 
sisted of  a  circular  glass  disk  sealed  into  a  Kovar  cup  hke  that  used  in  the 
4J50  magnetron  (compare  Figs.  77  and  75).  In  the  3J21,  as  in  the  4J50, 
the  external  choke  facing  the  wave  guide  window  and  a  short  section  of 
wave  guide  were  later  incorporated  as  part  of  the  magnetron. 

Holding  the  pulling  figure  of  the  operating  magnetron  to  a  specified  value 
presented  a  serious  problem.  The  problem  was  one  of  securing  uniformity 
of  the  narrow  transformer  section  and,  to  some  extent,  of  the  resonator  to 
which  it  is  attached.  A  variation  of  1  mil  in  the  width  of  this  transformer 
produced  3  mc/s  change  in  the  pulling  figure.  Even  with  an  improved 
mechanical  design,  the  spread  in  output  characteristics  was  uncomfort- 
ably large.  Part  of  the  difficulty  resulted  from  the  formation  of  solder 
fillets  in  the  transformer  section  during  brazing,  the  size  of  which  could  not 
easily  be  controlled.     A  rigid  inspection  of  both  electrical  and  mechanical 
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properties  of  each  magnetron  before  sealing  and  pumping  was  an  absolute 
necessity  to  insure  reproducibility.  The  use  of  an  iris  coupling  between 
the  resonator  and  the  wave  guide  presented  a  possible  solution.  However, 
the  iris  required  would  be  too  large  to  be  placed  directly  at  the  back  of  the 
resonator.  It  was  proposed  to  put  a  hubbed  rectangular  resonant  iris  at 
the  back  of  the  resonator  and  a  decoupling  iris  a  half  wave  length  distant 
in  the  wave  guide.  This  construction  provided  a  resonant  cavity  between 
the  two  irises  in  which  the  storage  of  energ}^  would  provide  some  degree  of 
frequency  stabilization.  The  structure  of  this  output  circuit  may  be  seen 
in  the  photograph  of  a  cutaway  model  in  Fig.  77.     Both  higher  efficiency  of 


Fig.  76 — An  external  view  of  the  3J21  "packaged"  magnetron  (60  k\v.,  24,000  mc/s). 

operation  and  lower  pulling  figure  than  obtained  with  the  earlier  circuits 
resulted.  As  average  values,  an  increase  in  over-all  efficiency  from  24  to 
28  per  cent  and  a  drop  in  pulling  figure  from  25  to  18  mc/s  may  be  cited. 

The  RF  voltage  breakdown  strength  of  the  wave  guide  window  was 
marginal.  A  new  design  de\-eloped  at  the  Columbia  and  M.  I.  T.  Labora- 
tories, incorporating  a  larger  window  and  "streamlined"  wave  guide  con- 
tours adjacent  to  it,  was  modified  slightly  and  used  in  the  3J21. 

The  magnetic  pole  gap  was  made  0.290  in.  This  was  as  small  as  was  felt 
practical.  This  and  other  steps  were  taken  in  an  effort  to  save  as  much 
as  possible  on  magnet  weight. 

The  mechanical  problems  connected  with  the  fabrication  of  the  3J21 
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magnetron  resulted  largely  from  the  small  tolerances  it  was  found  necessary 
to  impose.  The  tolerance  allowed  on  radial  location  of  the  cathode  was 
±0.002  in.;  on  transformer  slot  width  (when  this  output  was  used), ±0.0005 
in.;  and  on  dimensions  of  the  anode  structure,  ±0.001  in.  Deformations, 
such  as  those  produced  by  placing  a  magnetron  with  slightly  misaligned  pole 
pieces  on  a  strong  magnet,  had  to  be  carcfull>'  avoided.     The  importance 


Fig.  77— An  internal  view  of  the  3J21  "packaged"  magnetron  (60  kw.,  24,UUU  mc,  sj. 
Note  the  "rising  sun"  resonator  system,  the  stabilizing  cavity  in  the  wave  guide  output 
between  a  rectangular  resonant  iris  at  the  "back"  of  the  output  resonator  and  a  circular 
decoupling  iris  a  half  wavelength  distant,  and  the  beveling  of  the  wave  guide  edges  adjacent 
to  the  wave  guide  window. 

of  cathode  alignment,  for  example,  may  be  seen  from  the  fact  that  across  the 
anode-cathode  space,  which  in  the  3J21  is  only  0.032  in.,  there  is  an  operat- 
ing voltage  gradient  of  165  kv./in.  This  gradient  is  doubled  in  the  region 
where  the  cathode  support  passes  through  the  hole  in  the  pole  piece,  at 
which  point  there  is  a  nominal  clearance  of  0.015  in.  Thus  the  elimination 
of  small  burrs  and  small  radii  was  essential. 

An  e.xternal  view  of  the  3J21  magnetron  is  shown  in  Fig.  76,  an  internal 
view  in  Fig.  77.     Operational  and  other  data  are  to  be  found  in  Table  IV. 
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The  principal  operational  problems  encountered  in  the  3J21  magnetron 
were  the  occurrence  of  so-called  "gassy  tubes"  and  some  difficulties  with 
"moding."  Despite  numerous  precautions  taken  during  fabrication,  gas, 
identified  spectroscopically  as  hydrogen,  was  evolved  during  operation 
in  a  discouragingly  large  number  of  magnetrons  during  the  developmental 
work.  By  the  use  of  a  zirconium  getter  attached  to  the  cathode  support 
cone  the  difficulty  could  be  circumvented.     Also  it  had  been  found  possible 

Table  IV 
The  3J21  Packaged  Magnetron  at  1.25  Centimeters 

N 18 

re  (in.) 0.048 

ra  (in.) 0.080 

A  (in.) 0.186 

Magnet  gap  (in.) 0 .  290 

Weight  (lb.) 6.6 

Resonator  system "rising  sun" 

Resonators vane  type 

Resonator  X  ratio 1-8 

X(cm.) 1.25 

/  (mc/s) 23986  ±  240 

Nearest  modes m  =  4,  w  —  8 

X  separation  (%) +25,     - 10 

Qo 1400 

Oext 580 

nc  (%) 70 

Output  circuit wave  guide  with  X/2 

stabilizing  cavity 
Stabilization  factor 2 

V  (kv.) 15.0  15.0 

/(amps.) 15  15 

B  (gauss) 8000  8000 

t(A) 0.5  0.25 

pps                    1000  2000 

A(kw.) 60  60 

r,{%) 26  26 

r,A%) 37  37 

PF  (mc/s) 17  17 


to  "clean  up"  a  gassy  tube  temporarily  by  running  the  cathode  very  hot. 
This  led  to  a  pumping  cycle  which  greatly  reduced  the  occurrence  of  hy- 
drogen. 

Considerable  effort  was  expended  in  attempting  to  track  down  the  source 
of  the  hydrogen  evolution.  The  iron  pole  pieces  were  found  to  be  the 
major  offender,  but  some  hydrogen  was  evolved  from  other  parts  including 
the  cathode.  Cleaning  and  plating  solutions  release  atomic  hydrogen 
which  readily  permeates  the  iron  pole  pieces  and  other  parts.     Various 


MAGNETRON  AS  GENERATOR  OF  CENTIMETER  WAVES  341 

methods  of  treating  the  parts,  such  as  preglowing  in  vacuum,  were  used. 
These  largely  eliminated  the  difficulty. 

An  interesting  feature  of  the  problem  was  the  relatively  infrequent  oc- 
currence of  hydrogen  in  magnetrons  built  at  the  Western  Electric  Co. 
The  reason  for  this  was  finally  traced  to  the  precaution,  prescribed  by  the 
safety  engineers,  that  the  sintering  of  the  copper  plate  on  the  pole  pieces 
be  done  in  an  atmosphere  of  95  per  cent  nitrogen  and  only  5  per  cent  hy- 
drogen.  All  sintering  and  brazing  operations  in  our  Laboratories  had  been 
done  in  a  100  per  cent  hydrogen  atmosphere.  Pole  pieces  sintered  in  the 
predominantly  nitrogen  atmosphere  were  found  to  be  nearly  as  free  of  hy- 
drogen as  the  vacuum  preglowed  parts.  However,  the  use  of  the  zir- 
conium getter  was  continued  in  models  built  at  the  Laboratories  as  added 
insurance  against  recurrence  of  the  difficulty. 

The  other  operational  fault  of  the  3J21  magnetron  was  a  tendency  to 
oscillate  in  a  mode  other  than  the  x  mode  under  certain  circumstances. 
Examination  of  a  large  number  of  magnetrons,  opened  after  operation, 
showed  that  the  only  ol  servable  causes  were  resonator  distortion,  the  presence 
of  brazing  flux  or  other  foreign  material,  and  off-center  cathode  location. 
As  in  other  magnetrons,  the  tendency  to  "mode"  was  greater  when  heavily 
loaded  or  when  operated  with  a  sharply  rising  voltage  pulse.  \\'estern 
Electric  engineers  concluded,  as  the  result  of  an  extended  study  of  magne- 
trons in  which  the  cathode  position  was  changed  during  operation  by 
flexing  the  input  lead,  that  a  cathode  position  2  to  3  mils  off  center  toward 
the  output  resonator  was  desirable.  A  tool  was  developed  with  which  a 
permanent  change  in  cathode  location  could  be  made  on  operating  magne- 
trons.    By  its  use  many  "mody"  magnetrons  were  reclaimed. 

An  interesting  phenomenon,  discovered  during  the  development  of  the 
3J21  magnetron,  is  that  known  as  the  "cold  start."  Whereas  most  magne- 
trons may  be  started  with  difficulty  with  a  cold  cathode,  the  3J21  was  found 
to  start  readily  under  these  conditions  over  several  discrete  bands  of  mag- 
netic field  intensity.  Although  the  phenomenon  is  not  well  understood, 
some  correlation  with  the  work  of  Posthumus^^  has  been  made. 

In  making  tests  on  the  3J21  magnetron  at  a  duty  cycle  of  0.001  and  a 
pulse  duration  of  0.1  /iS,  the  cathode  was  found  to  operate  at  a  consider- 
ably higher  temperature  than  at  0.5  ns  pulse  duration  and  the  same  duty 
cycle  and  average  input  power.  This  behavior  has  since  been  observed  in 
the  725A  and  4J52  magnetrons.  It  is  thought  to  result  from  unfavorable 
conditions  during  the  periods  of  rise  and  fall  of  the  voltage  pulse,  which 
become  a  greater  percentage  of  the  total  pulse  duration,  as  the  pulse  dura- 
tion is  reduced.  The  effect  presumably  would  not  appear  if  the  pulse 
shape    were    truly    rectangular.     With    present    modulators,    however,    it 
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presents  a  lower  limit  on  pulse  duration  which  may  be  employed  and  further 
complicates  the  cathode  cooling  problem. 

21.  Magnetron  Cathodes 

From  the  start  of  its  work  with  centimeter  wave  magnetrons,  the  Bell 
Laboratories  has  been  engaged  in  an  extensive  program  of  magnetron 
cathode  testing  and  design.  The  range  of  cathode  size  is  illustrated  in 
Fig.  78.  The  largest  cathode,  shown  at  the  extreme  left,  is  that  of  the  5J26 
magnetron,  operating  at  about  23  cm.,  the  smallest,  that  of  the  3J21  magne- 
tron operating  near  1  cm.  The  range  of  operating  conditions  to  be  met, 
as  well  as  the  magnitude  of  the  problem  at  shorter  wavelengths,  is  illus- 
trated by  these  two  extremes.  The  cathode  of  the  3J21  magnetron,  al- 
though its  surface  area  is  only  0.31  sq.  cm.,  is  called  upon  to  deliver  peak 
currents  comparable  to  those  demanded  of  the  cathode  of  the  5J26,  having 
a  surface  area  of  17.1  sq.  cm.  The  ratio  of  current  densities  is  25  to  1. 
The  peak  back  bombardment  of  the  two  cathodes  is  comparable.  Other 
cathodes  shown  in  Fig.  78  operate  under  conditions  intermediate  between 
these  extremes.  Needless  to  say,  the  5J26  cathode  is  operated  quite  con- 
servatively, the  3J21  cathode  under  extremely  severe  conditions. 

Little  difficulty  with  cathodes  has  been  experienced  in  pulsed  magne- 
trons above  10  cm.  wavelength.  For  the  most  part  they  are  plain,  nickel 
sleeves  coated  with  active  material.  The  highest  emission  density  (10.1 
amps./cm.2)  ^ggd  successfully  with  this  type  of  cathode  was  in  the 
720A-E,  which  operated  satisfactorily  at  1  jis  but  was  not  satisfactory 
at  5  jus.  The  operation  at  5  yus  required  a  modification  of  the  cathode  as 
described.  When  the  simple  sprayed  cathode  was  tried  in  developmental 
models  of  the  725A  magnetron,  the  Hfe  at  1  ^^s  was  of  order  10  hours.  At 
the  high  emission  density  required  (approximately  30  amps./cm.'-)  the  active 
coating  was  rapidly  lost  as  a  result  of  arcs,  and  frequently  the  nickel  support 
itself  was  fused  and  vaporized. 

The  problem  of  arcing  to  the  cathode  surface  in  small  magnetrons  was 
soon  recognized  as  the  most  important  cathode  problem.  It  prevented 
steady  operation  and  hastened  destruction  of  the  cathode  surface  and  the 
end  of  useful  magnetron  life.  All  of  these  cathodes  were  found  to  require 
an  initial  break-in  period  during  which  the  arcing  is  particularly  violent. 
As  the  input  voltage  and  current  are  gradually  increased,  the  violent 
arcing  gradually  subsides.  The  tendency  to  arc  at  any  time  subsequent  to 
this  initial  period  depends  on  the  nature  of  the  cathode  surface,  but  beyond 
that,  it  depends  also  on  the  operating  conditions  to  which  the  magnetron 
is  subjected.  Increase  in  power  input,  either  as  increased  voltage  or  current, 
or  both,  rapidly  increases  the  frequency  of  arcs.     Similarly,  increased  pulse 
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length  makes  the  arcing  much  worse;  in  the  725 A  for  example,  changing 
the  pulse  length  from  1  /xs  to  2  /zs  may  increase  the  arcing  rate  by  a  factor 
of  10  to  20.  A  decrease  in  recurrence  rates  with  some  types  of  cathodes 
also  causes  a  noticeable  increase  in  the  rate  of  arcing. 

In  the  great  majority  of  cases,  magnetron  cathodes  have  employed  coat- 
ings of  the  ordinar}^  strontium  and  barium  carbonates  as  the  source  of 
primary  and  secondary  electrons.  All-metal,  secondary  emitting  cathodes 
with  primary  emitting,  starter  cathodes  have  been  tried  in  some  labora- 
tories with  some  success  but  have  not  yet  come  into  general  use.  The  efforts 
at  the  Bell  Laboratories  have  been  directed  toward  developing  and  im- 
proving the  oxide  coated  cathode  along  lines  making  it  more  nearly  possible 
to  satisfy  requirements  (3),  (4),  (5),  and  (6)  listed  in  Section  10.7  Magne- 
tron Cathodes  of  PART  I  without  impairing  the  ability  to  meet  require- 
ments (1)  and  (2). 

Most  of  the  cathode  developments  were  made  in  connection  with  the  725A. 
This  magnetron  served  as  a  convenient  "laboratory"  or  "proving  ground" 
for  magnetron  cathode  studies.  Its  cathode  is  small  enough  and  the  de- 
mands made  upon  it  stringent  enough  to  make  apparent  any  cathode  weak- 
nesses and  any  improvements  which  may  be  made.  A  large  number  of  life 
racks  were  kept  in  constant  operation  for  7 25 A  magnetron  life  tests  over  a 
long  period  of  time  under  various  conditions  in  which  the  cathodes  were 
generally  run  to  destruction. 

Attempts  were  made  to  make  the  data  reproducible  by  controlling  the 
activation,  by  controlling  the  initial  break-in  of  the  operating  magnetron, 
and  by  devising  means  of  quantitatively  determining  some  measure  of  the 
adequacy  of  any  given  cathode.  The  last  of  these  items  involved  the  de- 
velopment of  an  automatic  counter  which  registers  the  number  of  arcs  or 
bursts  of  arcs  which  cause  the  current  to  exceed  a  predetermined  value.  By 
recording  the  accumulated  number  of  arcs  at  intervals  throughout  the  life 
of  the  magnetron,  it  is  possible  to  get  a  picture  of  the  arcing  pattern  with 
life.  Such  counters  have  done  much  to  put  the  life  testing  and  initial  break- 
in  of  magnetrons  on  a  semi-quantitative  basis.  The  smoothed  curves  shown 
in  Fig.  80  were  obtained  through  the  use  of  these  counters. 

Early  attempts  at  building  a  cathode  upon  which  sufficient  active  material 
may  be  held,  made  at  both  the  M.  I.  T.  Radiation  Laboratory  and  the  BeU 
Laboratories,  involved  winding  coated  cathodes  with  nickel  wire  to  provide 
a  reservoir  of  active  material  under  the  wires.  In  this  manner,  the  material 
was  protected  from  direct  arcing  effects,  allowing  the  active  material  to 
migrate  slowly  to  the  outside  surface  of  the  wires.  This  general  idea  was 
greatly  improved  upon  when  the  wire  winding  was  replaced  by  a  woven  nickel 
mesh  into  the  interstices  of  which  the  active  material  was  packed.     The 
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nickel  mesh,  being  spot  welded  or  sintered  directly  to  the  nickel  base,  formed 
a  part  of  the  cathode  foundation,  helping  to  reduce  the  coating  resistance. 
It  was  found  that  arcs,  rather  than  striking  directly  to  the  active  material, 
tended  to  strike  to  the  nickel  wires.  In  spite  of  this  fact,  sudden  bursts  of 
current  in  arcing  would  erupt  some  of  the  active  material  from  the  cathode. 

The  mesh  used  in  the  725A  cathode  is  made  of  6  mil  nickel  wire  woven 
with  75  wires  to  the  inch.  The  radial  thickness  of  the  mesh  on  the  cathode 
is  10  mils.  The  average  amount  of  active  double  carbonate  mixture  which 
the  cathode  holds  is  23  mg.  per  sq.  cm.  The  mesh  cathode  is  shown  in  Fig. 
79  in  three  stages  of  its  fabrication.     With  this  cathode,  it  was  possible  to 


Fig.  79— 725A  cathode  construction.  Shown  are:  (1)  the  heater  element;  (2)  the 
machined  nickel  cathode  blank;  (3)  the  cathode  blank  with  the  nickel  wire  mesh,  welded 
or  sintered  in  place;  (4)  the  mesh  type  cathode  with  oxide  coating  applied,  cut  away  to 
show  heater  element  in  place;  (5)  the  more  recent  cathode  with  sintered,  nickel  powder, 
matrix  base  (uncoated). 


produce  725A  magnetrons  having  a  guaranteed  life  at  rated  operating 
conditions  of  at  least  500  hours,  the  average  value  being  considerably  higher. 
The  arcing  characteristic  of  the  mesh  cathode,  excluding  the  initial  break-in 
period,  is  shown  in  Fig.  80.  The  abrupt  failure  is  typical  of  magnetron 
cathodes.  At  shorter  pulse  lengths  failure  occurs  considerably  later  but  in 
the  same  abrupt  fashion.  The  life  curve  of  the  early  type  of  cathode  con- 
sisting of  an  oxide  coated  nickel  cylinder,  if  plotted  with  the  data  on  other 
cathodes  in  Fig.  80,  would  be  crowded  very  close  to  the  axis  of  zero  hours. 
Even  with  cathodes  of  mesh  construction,  operation  of  the  magnetron 
was  generally  inadequate  at  5  fis  pulse  duration.  Furthermore,  consider- 
able break-in  time  was  necessary  before  stable  operation  at  1  )us  pulse  dura- 
tion was  achieved.     Some  of  the  first  mesh  cathodes  used  in  the  725A, 
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for  example,  took  as  long  as  45  minutes  of  intense  arcing  during  gradual 
increase  of  input  voltage  and  current  before  satisfactory  operation  was 
attained.  It  seemed  unlikely  that  the  arcing  during  the  break-in  period 
could  be  completely  eliminated,  but  it  was  found  that  improvements  in 
cathode  construction  which  made  steady  operation  at  higher  current 
possible  also  reduced  the  time  of  initial  break-in  to  attain  these  conditions. 
It  appeared  that  the  resistance  of  the  cathode  coating  might  be  lowered 
by  distributing  nickel  more  uniformly  throughout  the  coating.     Accord- 
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Fig.  80 — Curves  of  arcing  during  life  for  725A  magnetrons,  having  various  types  of 
cathodes,  operating  at  5. 7/js  pulse  duration,  165  pulses  per  second,  and  210  kw.  peak  power 
input.  It  is  to  be  emphasized  that  these  conditions  are  considerably  more  stringent  than 
the  normal  operating  conditions.  Curve  (a)  is  for  a  cathode  having  oxide  coating  on  a 
nickel  wire  mesh  base;  curve  (b),  metallized  coating  on  a  nickel  wire  mesh  base;  curve  (c), 
either  plain  oxide  or  metallized  coating  on  a  sintered,  nickel  powder,  matrix  base. 


ingly,  mesh  cathodes  were  coated  with  a  mixture  of  double  carbonates  in 
which  was  distributed  a  fine  nickel  powder  of  high  purity  having  an  average 
particle  size  of  2  microns.  The  carbonate  particle  size  is  between  1  and  2 
microns.  The  amount,  found  not  to  be  critical,  was  55  per  cent  by  weight 
of  the  combined  dry  ingredients  of  the  coating  mixture.  Although  this 
reduced  the  amount  of  active  material  present  on  the  cathode  surface,  as 
seen  in  Fig.  80  it  resulted  in  a  cathode  having  considerably  improved  arcing 
characteristics  with  considerably  longer  useful  life.  This  cathode  con- 
struction was  adopted  finally  for  the  725A  production  and  was  also  utilized 
in  the  10  cm.  high  power  magnetrons,  the  4J45-47,  for  operation  at  5  jis, 
pulse  duration. 
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The  next  step  in  the  development  was  the  replacement  of  the  nickel  mesh 
by  a  sintered  matrix  of  coarse  nickel  powder  (see  Fig.  79).  The  average 
particle  size  was  55  microns.  The  active  material  is  packed  into  this 
matrix  in  much  the  same  manner  as  in  the  mesh  cathode.  Little  difference 
was  observed  in  the  addition  of  fine  nickel  powder  to  the  Active  coating  in 
this  type  of  cathode.  The  matrix  cathode  has  the  best  life  characteristic 
of  any  yet  devised  for  the  magnetron  oscillator.  Its  life  characteristic  is 
shown  in  Fig.  80  with  those  of  the  earlier  types. 

The  sintered  matrix  type  of  cathode  has  been  used  extensively  in  the 
4J50  and  4J52  magnetrons  at  3  cm.  and  in  the  3J21  magnetron  at  1  cm. 
In  these  cathodes,  it  was  important  to  have  high  heat  dissipation.  This 
was  achieved  by  designing  a  high  thermal  conductivity  support  and  pro- 
viding considerable  radiating  area  immediately  adjacent  to  the  cathode 
surface  by  extending  the  cathode,  as  shown  in  Figs.  75  and  77,  into  the  pole 
piece  opposite  that  carr}'ing  the  cathode  mount. 
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Some  Recent  Contributions  to  Synthetic  Rubber  Research* 

By  C.  S.  FULLER 

Introduction 

WHEN  the  war  put  an  end  to  shipments  of  natural  rubber  from  the  Far 
East,  it  became  evident  that  synthetic  chemistry  would  be  called 
upon  to  fill  the  gap  in  our  supply  of  this  strategic  material.  We  know  now 
how  effectively  the  emergency  was  met.  In  less  than  three  years  the 
production  of  Buna  S  type  synthetic  rubber  alone  had  risen  to  exceed  our 
total  prewar  comsumption  of  natural  rubber.  Few,  however,  realize  the 
magnitude  of  the  effort  and  the  extent  of  the  cooperation  between  groups  of 
experts  that  was  essential  for  the  achievement  of  this  success. 

Rubber  companies  in  this  country  had  been  experimenting  with  synthetic 
substitutes  for  natural  rubber  for  some  time  before  the  present  war  began. 
None  of  these  products,  however,  was  sufficiently  advanced  either  from  the 
stand-point  of  raw  materials  or  in  regard  to  the  knowledge  of  its  properties, 
to  warrant  production  on  a  large  scale  as  a  substitute  for  natural  rubber 
during  the  emergency.  In  1942,  following  the  advice  of  the  Baruch  Com- 
mittee, we  decided  to  place  chief  reliance  on  Buna  S,  the  butadiene-styrene 
synthetic  rubber  which  the  Germans  developed  about  1934.  In  addition, 
considerable  support  was  given  to  the  domestic  synthetics,  Neoprene,  Thio- 
kol  and  Butyl.  The  latter  rubbers,  however,  were  not  considered  as  useful 
for  tires  as  Buna  S. 

Making  Buna  S  in  this  country  and  fabricating  it  were  not  simple,  how- 
ever. The  Germans  had  kept  the  details  of  the  process  secret  and  restricted 
shipments  of  the  product.  Besides,  as  we  have  since  found  out,  the  German 
chemists  did  not  have  any  too  complete  control  of  the  process  themselves 
and  the  type  of  rubber  made  by  them,  as  shown  by  samples  obtained 
indirectly,  was  not  satisfactory  for  use  on  American  processing  machinery. 
Our  engineers  and  research  men  were  therefore  faced  with  the  problem  of 
setting  up  a  process  on  an  enormous  scale  to  turn  out  a  product  which  could 
be  used  in  our  tire  plants  and  which  would  give  satisfactory  service  on  the 
road.     Fortunately  for  us,  a  few  companies  had  acquired  enough  knowledge 

*  The  investigations  described  in  this  article  were  carried  out  under  the  sponsorship  of 
the  Reconstruction  Finance  Corporation,  Office  of  Rubber  Reserve,  in  connection  with 
the  Government  synthetic  rubber  program. 
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both  from  German  sources  and  from  their  own  researches  to  warrant  taking 
the  gamble. 

As  a  part  of  the  large  program  laid  out  under  the  auspices  of  the  Govern- 
ment in  1942,  provision  was  made  for  a  cooperative  research  and  develop- 
ment effort  to  parallel  and  to  contribute  to  the  constructional  program 
designed  to  provide  the  much  needed  rubber.  A  large  number  of  company 
laboratories  as  well  as  universities  contributed  to  this  research.  The  Bell 
Telephone  Laboratories  because  of  its  past  contributions  in  this  field  of 
synthetic  polymers  was  asked  to  participate  in  this  program.  The  present 
discussion  is  intended  to  describe  part  of  the  Bell  Laboratories  investigations 
directed  toward  the  improvement  of  Buna  S  type  rubber,  particularly  work 
relating  to  the  characterization  and  control  of  the  final  copolymer. 

In  order  to  present  the  material  in  a  logical  and  understandable  form  to 
readers  unfamiliar  with  the  subject-matter,  brief  mention  will  be  made  of 
the  history  of  the  synthetic  rubber  problem  and  of  progress  in  the  knowledge 
of  polymeric  substances  during  recent  years. 

The  Problem  of  Synthetic  Rubber 

The  problem  of  synthesizing  natural  rubber  is  almost  as  old  as  man's 
curiosity  about  the  nature  of  rubber  itself  which  began  when  Faraday  in 
1826  first  showed  it  to  be  a  hydrocarbon  having  the  formula  CioHie .  Ex- 
periments done  by  Williams  in  1860,  in  which  he  obtained  isoprene  from 
natural  rubber  and  by  Bouchardat  in  1879,  who  showed  that  isoprene  could 
be  polymerized  to  a  rubber-like  material,  represent  about  as  close  as  we 
have  come  to  synthesizing  natural  rubber  in  spite  of  many  subsequent 
efforts.  In  1910  particularly,  when  the  price  of  natural  rubber  reached  $3 
per  pound,  considerable  pressure  was  exerted  to  bring  about  this  synthesis. 
Although  the  chemist  failed  in  this  quest  his  very  failure,  analyzed  in  the 
light  of  more  recent  studies  on  other  polymers  as  well  as  rubber,  has  had  its 
virtues.  It  has  emphasized  the  importance  of  chemical  structure,  that  is 
the  precise  organization  of  the  atoms  composing  the  rubber  molecules  (in 
addition  to  simply  the  nature  of  these  atoms)  in  determining  the  ultimate 
properties  of  a  polymer. 

Although  natural  rubber  eluded  synthesis,  the  early  organic  chemical  work 
nevertheless  laid  the  basis  for  our  present  synthetic  rubber.  Curiously, 
much  of  this  pioneering  research  on  synthetic  rubber  was  done  in  England 
with  the  support  of  strong  proponents  of  natural  rubber.  However, 
Germany  and  Russia  were  also  active  contributors.  The  United  States 
later  achieved  fame  by  bringing  forth  two  of  the  most  promising  rubbers  yet 
produced,  Neoprene  and  Butyl.  The  early  foreign  synthetics  were  based 
on  the  polymerization  of  hydrocarbons  such  as  1-methyl  butadiene  and  2,3 


SYNTHETIC  RUBBER  RESEARCH  353 

dimethyl  butadiene  and  butadiene  itself.  They  were  undoubtedly 
"rubbers"  of  a  sort  but  there  could  be  no  question  about  their  inferiority 
to  the  natural  product.  Even  today  the  Russians  persist  in  making  their 
synthetic  rubber  from  butadiene  and,  although  there  have  been  improve- 
ments, the  polymer  is  still  subject  inherently  to  the  same  fundamental 
difficulties  of  structure  that  existed  when  it  was  first  synthesized  by  Lebedev 
in  1911. 

The  deficiencies  in  the  early  synthetic  rubbers  and  the  difficulty  of  synthe- 
sizing natural  rubber  were  appreciated  in  Germany  where  in  the  period  1935- 
39  several  plants  were  constructed  to  manufacture  synthetic  rubber,  including 
Buna  S,  on  a  large  scale.  By  polymerizing  together  butadiene  and  styrene 
instead  of  butadiene  alone  they  achieved  several  advantages  over  previous 
synthetic  rubbers.  The  fact  that  the  best  opinion  in  this  country  decided 
in  favor  of  imitating  German  Buna  S,  shows  that  progress  in  Germany  was 
indeed  substantial.  As  we  have  already  indicated,  however,  improvements 
were  necessary  in  both  the  German  product  and  process  if  it  was  to  be 
satisfactor>-  for  our  use.  The  product  developed  in  this  country  and  now 
being  currently  produced  at  the  rate  of  nearly  700,000  tons  per  year,  although 
prepared  from  the  same  starting  materials  as  German  Buna  S,  therefore 
differs  from  the  latter  in  many  important  respects.  The  name  Government 
Rubber-Styrene,  abbreviated  GR-S,  has  been  given  to  this  product. 

History  of  the  Development  of  Ideas  of  Composition 
AND  Structure  of  Polimers 

All  rubbers,  both  natural  and  synthetic,  as  well  as  all  organic  plastics  and 
fibers  belong  to  a  class  of  substances  called  polymers.  We  now  know  that 
they  are  constructed  of  large  molecules,  in  turn  built  up  of  simple  atomic 
patterns  (repeating  units)  joined  end  to  end.  Surprisingly,  it  was  not  until 
about  fifteen  years  ago  that  this  idea  gained  general  acceptance  among 
chemists.  Since  that  time  truly  remarkable  research  progress  on  polymers 
has  been  made.  It  is  not  our  object  to  present  a  full  account  of  this  work 
here.  Most  of  it  was  carried  on  independently  of  its  application  to  the 
synthetic  rubber  problem  but  nevertheless  has  had  a  profound  effect  upon 
it.  A  brief  review  of  the  growth  of  the  present  concepts  of  natural  and 
synthetic  polymers  will,  however,  help  to  emphasize  the  significance  of  the 
more  recent  researches  on  synthetic  rubber. 

For  a  long  time  chemists  believed  that  naturally  occurring  polymers  like 
natural  rubber,  cellulose  and  silk  were  indefinite  chemical  compounds  in 
which  the  arrangement  of  the  atoms  was  so  complex  as  to  defy  analysis. 
As  has  been  mentioned,  Faraday  had  shown  in  the  case  of  natural  rubber 
that  carbon  and  hydrogen  atoms  were  present  in  the  ratio  of  16  hydrogens 
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for  every  10  carbons.  It  was  not  until  much  later  that  it  was  postulated 
that  rubber,  inasmuch  as  it  had  the  same  hydrogen  to  carbon  ratio  as 
isoprene  obtainable  from  it,  was  a  compound  in  which  many  isoprene  groups 
were  in  some  manner  combined  together.  Thus,  Harries  about  1904  was 
inclined  to  regard  rubber  as  a  sort  of  association  complex  representing  a 
combination  of  relatively  small  ring  molecules  held  together  by  van  der 
Waals'  attractions^  This  same  view  of  polymers  as  associations  of  small 
molecules  was  also  applied  to  cellulose  by  well-known  carbohydrate  chemists 
both  in  England  and  in  Germany. 

The  influence  of  the  contemporary  colloid  chemists  helped  to  promote  this 
idea.  Even  the  term  "micelle",  applied  by  them  to  soap  and  other  aggre- 
gates, which  are  in  fact  van  der  Waal's  or  ionic  associations,  was  unfortu- 
nately adopted  to  describe  the  structure  of  many  of  the  organic  polymers. 
In  addition,  early  x-ray  studies  on  natural  polymers,  because  of  a  misinter- 
pretation of  the  diffraction  patterns,  lent  further  support  to  these  views. 
For  some  reason  or  other  it  was  not  appreciated  by  workers  in  the  field  that 
the  x-ray  unit  cell  did  not  necessarily  mark  the  boundaries  of  the  organic 
molecule.  Hence,  since  the  unit  cells  appeared  to  be  small,  many  errone- 
ously concluded  that  the  molecules  were  small  also.  It  is  to  Sponsler  and 
Dore-,  working  in  this  country  in  1926  on  the  x-ray  structure  of  cellulose 
fibers,  that  we  must  give  thanks  for  being  the  first  to  realize  the  incorrectness 
of  the  older  x-ray  deductions  and  to  postulate  a  long  primary  valence  chain 
structure  for  cellulose. 

The  realization  that  natural  organic  polymers  really  consisted  of  very 
long  chains  of  primary  valence  bound  atoms,  in  the  strictly  organic  chemical 
sense,  came  surprisingly  slowly.  Staudinger  in  Germany  beginning  about 
1926  was  most  insistent  on  this  view^  although  others  including  Meyer  and 
Mark  were  developing  the  same  conception.  As  early  as  1910  Pickle  in 
England  had  conceived  of  such  a  chain  type  of  molecule  for  natural  rubber 
but  unfortunately  did  not  follow  it  up.  As  the  idea  of  molecules  of  large 
size  grew,  it  became  more  and  more  popular  to  try  to  measure  them.  Also 
there  was  much  effort  given  to  working  out  the  details  of  the"cr>^stal 
structure"  of  the  natural  products  insofar  as  they  could  be  regarded  as 
crystalline.  Here  again  was  an  opportunity  for  argument  which  is  still 
going  on  today:  just  what  do  we  mean  by  the  term  "crystalline"  when 
applied  to  these  substances?  The  answer  seems  to  be  that  we  have  all 
degrees  of  organization  of  the  molecules,  or  more  correctly  parts  of  molecules, 
in  pol>TTiers  from  the  completely  chaotic  or  amorphous  in  some  to  highly 
ordered  or  what  may  be  called  crystalline  arrangement  in  others.  We  shall 
have  occasion  to  come  back  to  this  subject  in  our  later  discussion. 

It  was  logical  that  the  interest  of  scientists  in  the  constitution  and  struc- 
ture of  polymers  should  be  lavished  on  naturally  occurring  high  polymers 
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rather  than  on  the  synthetic  ones.  But  strangely  enough  it  has  been  the 
synthetic  polymers  which  have  really  led  us  to  a  more  complete  understand- 
ing of  the  natural  substances  and  particularly  to  the  explanation  of  why 
polymers  have  the  properties  they  do. 

The  early  work  on  synthetic  polymers,  as  we  have  seen,  centered  around 
the  constitution  of  natural  rubber  and  efforts  to  duplicate  it.  Soon,  how- 
ever, organic  chemists  found  they  could  make  better  products  from  other 
dienes  than  they  could  from  isoprene  which  seemed  to  be  the  progenitor  of 
natural  rubber.  The  approach  was  necessarily  empirical — one  of  trying  out 
a  variety  of  reaction  conditions  on  the  chemical  compound  to  be  polymerized 
and  studying  the  properties  of  the  final  product  as  compared  to  natural 
rubber.  Nearly  always  the  comparison  was  disappointing.  Following  this 
procedure  the  Germans  and  the  Russians  developed  their  respective  com- 
petitors for  natural  rubber  from  1910  to  the  present  time.  The  organic 
chemistry  of  polymerization,  the  reactions  whereby  the  simple  unsaturated 
compounds  join  up  into  longer  molecules,  was,  however,  very  imperfectly 
understood  in  1910  and  still  is  not  clear  today. 

Perhaps  it  was  for  this  reason  that  some  organic  chemists  decided  to  build 
large  molecules  by  methods  in  which  they  had  acquired  great  confidence  in 
regard  to  how  the  atoms  come  together.  Emil  Fischer,  the  first  of  this 
group,  succeeded  in  synthesizing  a  polypeptide  molecule  of  known  composi- 
tion and  known  organic  structure  which,  although  smaller  in  size  than  the 
natural  proteins,  nevertheless  was  very  large  compared  to  the  usual  organic 
molecules.  This  was  in  1906.  About  20  years  later  the  matter  was  again 
opened  up  in  a  more  general  way  by  Staudinger  and  his  collaborators  who 
synthesized  chains  built  up  of  alternate  carbon  and  oxygen  atoms,  the 
polyoxymethylenes,  and  showed  how  such  large  molecules  could  give  rise  to 
a  pseudo-crystalline  type  of  crystal  lattice.  Then  came  the  simple  and 
beautiful  work  of  W.  H.  Carothers  and  his  collaborators  beginning  in  1928, 
which  led  to  the  development  of  nylon.  These  compounds  and  the  linear 
polyesters,  which  Carothers  had  (by  improvement  of  the  methods  of  Vor- 
lander^  and  others)  prepared,  because  they  were  known  to  contain  long 
chain  molecules  of  definite  structure  and  composition,  were  ideal  compounds 
to  examine  in  order  to  determine- what  factors  were  truly  responsible  for 
observed  polymer  behaviors.  In  this  way  it  was  hoped  to  explain  the 
outstanding  toughness,  high  tensile  strength,  rubberiness,  peculiar  softening 
and  flow  properties  and  a  host  of  other  characteristics  of  polymers  which 
make  these  materials  so  important  in  life  processes  and  technology.  Re- 
searches along  these  lines  have  indeed  shown  that  the  way  the  various  units 
are  combined  and  the  regularity  of  the  atomic  arrangements  in  the  units 
themselves  have  a  profound  effect  on  properties. 

This  work  has  also  emphasized  the  importance  of  size  and  linearity  of  the 
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chain  molecules  on  polymer  behavior.  For  example,  the  length  of  the  mole- 
♦cules  which  are  present  in  a  polym.er  is  of  critical  importance  to  certain 
properties  such  as  mechanical  strength.  These  facts,  as  well  as  the  necessity 
for  order  in  the  arrangement  of  the  molecular  units  along  the  chains  were  not 
appreciated  by  the  early  organic  workers.  That  Carothers  realized  what 
many  of  the  older  organic  chemists  did  not  realize  is  indicated  by  his  state- 
ment made  in  1934  that  the  problem  of  physically  characterizing  polymers 
in  significant  numerical  units  is  of  the  utmost  importance  and  that  it  should 
receive  more  attention  jointly  from  physicists  and  chemists. 

Some  Physico- Chemical  Features  of  Polymers 

We  have  seen  very  briefly  how  the  quest  for  the  origin  of  properties  of 
rubbers  and  polymeric  substances  in  general  led  of  necessity  to  a  study  of  the 
intimate  details  of  chain  molecule  structure  on  the  one  hand  and  a  study  of 
the  general  characteristics  of  large  molecules  on  the  other.  Before  taking 
up  the  specific  researches  on  GR-S  synthetic  rubber,  however,  it  ^\\\\  be 
helpful  to  pursue  somewhat  further  the  ideas  on  the  formation  and  constitu- 
tion of  polymers. 

There  are  two  general  chemical  processes  by  which  polymer  molecules  are 
formed,  namely  pol}Tnerization  and  polycondensation.  Chemists,  at  times, 
use  the  first  term  to  represent  all  processes  leading  to  the  formation  of  large 
molecules  but  it  is  more  convenient  to  distinguish  two  processes  even  though 
the  difference  between  them  is  academic  in  some  cases.  In  poh^merization, 
chemical  molecules  called  the  monomers,  become  "activated"  either  by  heat 
energy  or  by  means  of  special  chemical  compounds.  In  this  state  they 
spontaneously  grow  at  the  expense  of  their  unactivated  neighbors  until  the 
growth  of  the  chains  is  abruptly  terminated,  either  by  active  chains  coming 
together  or  by  a  transfer  of  energ}'  to  other,  often  foreign,  molecules.  The 
entire  growth  reaction  for  any  given  chain  usually  takes  but  a  fraction  of  a 
second  for  completion.  \\'hen  two  or  more  different  monomers  capable  of 
polymerization  enter  together  into  the  same  chain  molecule  formation  the 
process  is  referred  to  as  "copohnnerization". 

In  polycondensation,  identical  or  non-identical  molecules  react  to  give 
large  molecules  just  as  in  polymerizaticni.  The  difference  is  that  in  the 
former  reaction  a  molecule  of  water  (or  other  substance)  is  evolved  each  time 
a  new  molecule  is  added  to  the  growing  chain  system.  Also  the  reaction 
resulting  in  chain  growth  is  step-wise  in  the  sense  that  each  added  molecule 
follows  the  same  steps  in  reacting  that  are  followed  by  any  other.  No 
special  type  of  activation  on  the  end  of  the  growing  chain  is  necessar}^ 
Finally,  since  there  is  no  activated  growth,  the  phenomena  of  termination 
in  the  sense  used  above  in  connection  with  polymerization  do  not  exist. 

Both  kinds  of  polymers  are  important  technically.     Thus  polystyrene  is  a 
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polymerization  type  of  polymer.  Nylon  on  the  other  hand  is  a  polyconden- 
sation  polymer.  Buna  S  type  synthetic  rubber  is  a  polymerization  copoly- 
mer because  it  is  formed  by  polymerizing  together  styrene  and  butadiene 
monomers. 

One  of  the  important  characteristics  about  reactions  leading  to  the  forma- 
tion of  polymers  is  that  they  result  not  in  molecules  of  the  same  size  but  in  a 
statistical  distribution  or  mixture  of  molecules  of  various  sizes.  These 
molecular  weight  distributions,  as  they  are  called,  in  special  cases  can  be 
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Fig.  1. — Curves  showing  frequency  distribution  of  molecule  species  of  different  chain 
lengths  for  linear  |)olyesters  (Flory — reference  5). 


calculated  from  the  nature  of  the  reaction.  In  other  instances  this  is  not 
possible,  although  experim.entally  it  is  often  possible  to  arrive  at  an  approxi- 
mate curve  representing  a  given  polymer  distribution.  Figure  1  shows  a 
series  of  curves  for  a  linear  polyester  in  which  the  reaction  conditions  are 
such  that  the  calculated  curv^es'^  represent  very  closely  the  actual  distribution 
of  molecules  present.  The  curves  represent  the  weight  fraction  of  each 
molecular  species  present  in  the  mixture  at  the  extent  of  reaction  shown  on 
each  curve. 

It  is  customary  to  speak  of  an  "average  molecular  weight"  therefore  in 
characterizing  these  polymer  mixtures.     Several  different  types  of  averages 
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are  used  for  convenience.  The  two  most  frequently  employed  are  what  are 
termed  the  "number  average"  and  the  "weight  average".  If  osmotic 
pressure  measurements  are  made  on  solutions  of  the  polymer  and  extra- 
polated to  zero  concentration  these  will  lead  to  a  number  average  molecular 
weight  figure.  This  average  represents  what  v/e  would  obtain  if  we  sorted 
out  the  molecules  according  to  molecular  weight  and  counted  them.  Multi- 
plying each  molecular  weight  (wi)'by  the  number  present  (»i)  and  dividing 
by  the  total  number  of  molecules  we  obtain  the  number  average  molecular 
weight  (Mn)  or  stated  mathematically 

—    _  2w<»i  _     1 

^"-"2^-^  (1) 

where /i  is  the  weight  fraction  of  species  of  molecular  weight,  nii . 

Usually  the  osmotic  pressure  measurements  are  difficult  to  carry  out  and 
a  simpler  measurement,  that  of  dilute  solution  viscosity  (DSV)  is  per- 
formed. This  determination  consists  in  measuring  the  relative  viscosity  of 
a  solution  of  the  polymer  at  one  given  low  concentration  and  calculating 

{DSV)  =  ^^^  (2) 

where  -qr  is  relative  viscosity  and  c  is  the  concentration  in  grams  per  100  ml. 
of  solution.  A  more  fundamental  quantity  usually  differing  little  from  the 
DSV  value  is  the  so-called  intrinsic  viscosity.    This  is  defined  as  [77]  = 

— —  .    Measurements  are  made  at  several  concentrations  and  extrapolated 

Cc-*o 

to  zero  concentration  just  as  for  osmotic  pressure.  From  this  value  a 
molecular  weight,  which  may  be  referred  to  as  a  viscosity  averagejnolecular 
weight,  can  be  calculated  from  the  empirical  expression  [77]  =  K{MvY  where 
both  K  and  a  are  constants  over  a  fairly  wide  range,  and  which  must  be 
independently  determined.  In  some  polymer  distributions  this  viscosity 
average  is  very  close  to  the  weight  average  defined  by 

Mu,  =  4^^  =  2/iW.-  (3) 

where  nii  is  again  the  molecular  weight  of  each  species  and/t  is  the  weight 
fraction  in  which  it  is  present  in  the  mixture.  In  the  example  of  Fig.  1 
the  number  averages  are  indicated  by  the  maxima  of  the  various  curves. 
Here  the  viscosity  and  weight  averages  are  identical. 

In  polymers  an  equally  important  consideration  with  molecular  size 
distribution  is  chain  molecule  structure.  It  is  convenient  to  distinguish 
between  micro-chain  structure  and  macro-chain  structure.     By  micro-chain 
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structure  we  mean  the  detailed  architecture  of  the  chain  molecule  over 
distances  of  the  order  of  length  of  the  repeating  unit.  The  kind  of  atoms 
involved  in  the  unit  and  their  spatial  arrangement  in  regard  to  atoms  in  the 
same  chain  as  well  as  in  the  neighboring  chains  are  included  in  this  definition. 
It  is  the  micro-chain  structure  which  determines  entirely  the  chemical 
properties  of  the  polymer  and  to  a  large  extent  the  physical  properties  as 
well.  Thus,  the  influence  of  solvents,  oxidizability,  hardness  at  a  given 
temperature,  softening  point,  ability  to  crystallize  are  determined  largely 
by  the  micro-structure  of  the  polymer. 

Macro-chain  structure  on  the  other  hand  refers  to  the  long  range  form  of 
the  chain  molecule.  It  ignores  composition  and  concerns  itself  with  the 
nature  of  the  molecule  as  a  whole  and  with  its  intercormections  to  other 
molecules. 

Certain  terminology  has  grown  up  in  this  connection  which  can  be  con- 
veniently defined  at  this  time.  We  speak  of  "linear"  polymers  when 
primary  valence  bonds  can  be  traced  through  the  molecules  from  one  end 
to  the  other  without  passing  over  the  same  atoms  twice.  We  say  "branched" 
molecules  are  present  when  the  process  of  tracing  leads  us  into  one  or  more 
offshoots  from  the  main  chain.  When  the  degree  of  branching  becomes 
excessive  the  molecules  may  become  insoluble  in  good  solvents  for  the  linear 
or  slightly  branched  molecules.  When  nteworks  of  molecules  are  present 
we  say  the  polymer  is  "netted"  or  "cross-Unked".  In  this  instance  closed 
paths  may  be  traced  and  the  smaller  the  paths,  the  "tighter"  or  more 
"intense"  is  the  netting.  Netted  chain  molecule  systems  are  invariably 
insoluble.  Insoluble  polymers  whether  because  of  intense  branching  or 
netting  are  called  "gel".  We  speak  of  micro-gel  when  the  gel  particles 
(molecules)  are  microscopic  or  smaller  in  size  (say  less  than  l/j.)  and  of  macro- 
gel  when  the  particles  are  large.^  Usually  macro-gel  as  well  as  the  micro-gel 
is  associated  with  soluble  molecule  species.  These  latter  are  referred  to  as 
"sol"  and  represent  the  linear  or  the  less  branched  molecular  components 
of  the  mixture.  The  complete  description  of  every  molecule  present  in  a 
polymer  mixture  is  thus  a  very  difl5cult  if  not  impossible  task.  We  are 
thus  forced  to  employ  a  statistical  treatment. 

In  the  case  of  copolymers,  still  other  considerations  arise.  There  is  the 
probability  that  the  reacting  components  will  not  react  with  one  another 
at  the  same  rates  they  do  with  themselves.  When  this  occurs  the  composi- 
tion of  the  molecules  in  the  mixture  varies,  some  containing  more  of  one 
component  than  others  do.  Also  the  order  in  which  the  components  are 
arranged  along  the  chains  may  vary  molecule  to  molecule.  Such  circum- 
stances of  course  give  rise  to  varying  properties  in  the  copolymer  mixture. 
We  shall  have  occasion  to  consider  these  questions  below  in  connection 
with  the  development  of  GR-S. 
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Early  Status  of  GR-S  Synthetic  Rubber 

The  process  by  which  GR-S  type  synthetic  rubber  is  made  is  known  as 
the  emulsion  polymerization  process.  In  it,  butadiene  and  styrene  in  the 
proper  proportions  are  emulsified  in  water  with  small  amounts  of  catalysts 
and  substances  called  modifiers  which  serve  to  control  the  plasticity  of  the 
polymer.  During  the  reaction  period  of  from  ten  to  twenty  hours  about 
three-fourths  of  the  butadiene  and  styrene  are  converted  into  the  synthetic 
rubber.  The  reaction  occurs  in  such  a  way  that  very  minute  particles  are 
formed  and  the  resulting  synthetic  latex  is  suggestive  of  natural  latex.  To 
obtain  the  rubber  itself  the  latex  is  coagulated  with  acid  and  sodium  chloride 
or  with  aluminum  sulfate  and  the  coagulum  washed.  After  drying  the 
rubber  crumbs  are  baled  and  shipped  to  the  fabricating  factories.  The  above 
brief  sketch  of  course  does  not  provide  an  idea  of  the  many  complexities 
which  arise  in  practice  nor  of  the  many  process  variations  which  can  be  used 
to  control  the  final  properties  of  the  rubber.  A  complete  treatment  of  this 
subject  falls  outside  the  scope  of  this  paper. 

\\Tien  the  Baruch  Committee  advised  "bulling  through"  the  synthetic 
program  on  the  basis  of  Buna  S  type  rubber,  it  fixed  the  chemical  composi- 
tion of  the  product  to  a  very  great  extent.  We  knew  then,  or  shortly  after- 
ward, that  we  would  be  required  to  use  approximately  690,000  tons  of 
butadiene  and  197,500  tons  of  styrene  per  year  to  produce  the  coplymer 
rubber.  Whatever  other  components  might  be  employed  would  be  available 
in  only  insignificant  quantities  by  comparison.  One  element  of  choice 
remained  as  far  as  chemical  composition  was  concerned,  namely  the  propor- 
tions in  which  the  two  components  might  be  used.  German  Buna  S  is 
supposed  to  consist  of  75  parts  by  weight  of  butadiene  to  25  parts  of  styrene 
but,  as  we  shall  see  later,  this  ratio  does  not  determine  the  ratio  actually 
present  in  the  final  copolymer  which  is  a  function  of  reaction  variables  as 
well  as  the  initial  ratio  of  the  ingredients.  Consequently  it  was  necessary 
to  examine  the  composition  of  the  final  copolymer  and  to  control  it  at  the 
proper  ratio  of  butadiene  to  styrene.  The  chemical  composition  was  not 
the  only  factor  to  be  controlled,  however,  since  as  we  have  seen,  the  proper- 
ties of  polymers  unlike  ordinary  chemical  compounds  depend  as  much  if  not 
more  on  the  chain  structure.  This  is  of  course  not  only  dependent  on  the 
nature  of  the  starting  ingredients  but  also  on  the  manner  in  which  they  are 
combined  into  the  chain. 

At  the  time  intensive  work  was  undertaken  in  this  country  on  Buna  S 
type  synthetic  rubber  little  attention  had  been  given  to  its  characterization 
by  physico-chemical  means.  The  usual  physical  testing  jirocedures  invoh-- 
ing  the  preparation  of  compounds  by  mixing  in  pigments  and  vulcanizing 
were  of  course  being  employed  to  supply  useful  information  about  the 
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copolymer  produced  and  the  vulcanization  properties  possessed  by  it. 
What  was  needed,  however,  were  more  precise  and  revealing  tests,  and  tests 
which  could  be  carried  out  directly  on  the  copolymer  itself.  No  ordinary 
chemical  methods  such  as  are  applicable  to  the  usual  type  of  synthetic 
chemicals  apply,  for  reasons  which  should  be  evident  from  our  previous 
discussion.  New  methods  of  characterization  designed  to  insure  uniformity 
and  satisfactory'  quality  in  the  GR-S  copolymer  were  required. 

The  precise  and  early  control  of  the  copolymer  was  of  utmost  importance. 
Non-uniformity  in  the  product  may  cause  serious  troubles  in  fabricating 
operations  such  as  are  employed  in  tire  plants,  wire  coating  factories,  ad- 
hesives  manufacture,  etc.  Furthermore,  with  a  varying  product  it  often 
cannot  be  determined  whether  the  trouble,  when  it  occurs,  is  in  the  copolymer 
or  in  the  method  of  fabrication  being  used. 

What  are  the  characteristics  which  must  be  controlled  to  insure  a  satis- 
factor}'  product?  To  answer  this  question  it  was  necessar>'  to  investigate 
a  variety  of  GR-S  copol3'mers  and  to  conduct  service  tests  on  them  in  order 
to  determine  their  practical  performance.  Some  of  these  tests,  particularly 
those  on  tires,  have  been  ver>'  extensive.  Some  of  the  characteristics  of 
the  copolymer  which  experience  has  taught  should  be  measured  and  con- 
trolled are: 

1.  The   over-all   or  average   styrene   content  in  the   butadiene-styrene 
copolymer. 

This  necessitates  (1)  a  method  of  separating  the  pure  copoh-mer 
(which  is  the  rubber-like  component)  from  non-rubber  components 
such  as  soap,  salts,  insoluble  matter  etc.,  and  (2)  a  suitable  method  for 
determining  the  styrene  content  of  the  purified  copolymer. 

2.  The  percentage  soap,  fatty  acids  and  low  molecular  butadiene-styrene 
compounds  in  the  rubber. 

3.  The  amount  of  "gel"  fraction,  if  present,  and  the  swelling  volume  of 
the  gel.'' 

4.  The  average  molecular  size  of  the  "sol"   or  soluble  fraction  of  the 
copolymer. 

5.  The  degree  of  branching  of  the  sol  molecules. 

6.  The  molecular  weight  distribution  of  the  sol. 

In  addition  to  the  above  tests  on  the  final  copolymer,  control  tests  which 
can  be  used  during  the  poh-merization  to  tell  when  the  reaction  has  pro- 
gressed to  the  proper  point  were  needed.  In  the  following  paragraphs  we 
will  take  up  in  some  detail  the  problem  of  characterization  and  attempt  to 
show  the  basis  on  which  methods  have  been  evolved  to  control  some  of  the 
quantities  listed  above. 
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Composition  of  GR-S  and  Its  Determination 

Given  a  piece  of  GR-S  synthetic  rubber,  our  first  task  from  the  standpoint 
of  determining  its  chemical  composition  is  to  separate  the  pure  copolymer 
which  is  responsible  for  the  rubber-like  properties  from  the  non-rubber 
constituents.  The  latter  comprise  soaps  or  other  emulsifying  agents,  fatty 
acids,  salts,  antioxidant  and  low  molecular  weight,  non-rubbery  butadiene- 
styrene  products  to  the  extent  of  several  percent.  Some  of  these  minor 
ingredients,  like  the  antioxidant,  are  essential  whereas  others  play  no 
important  role  subsequent  to  polymerization.  All,  however,  must  be 
separated  from  the  copolymer  before  it  can  be  properly  evaluated.  The 
analysis  for  the  non-rubber  components  after  separation  is  fairly  straight- 
forward and  standard  and  will  not  be  gone  into  here. 

It  has  been  found  that  the  azeotrope  of  toluene  and  ethyl  alcohol  which 
consists  of  approximately  30  parts  by  volume  of  toluene  to  70  parts  by 
volume  of  alcohol  is  an  excellent  extractant  for  the  non-rubber  compounds 
and  hence  may  be  used  to  effect  a  separation^'  ^  The  procedure  for  isolat- 
ing the  copolymer  is  simply  to  place  a  quantity,  say  10  grams,  of  the  GR-S 
in  an  extraction  thimble  supported  in  an  extraction  flask  as  shown  in  Fig.  2. 
Another,  more  rapid,  procedure  is  to  reflux  the  azeotrope  over  the  rubber 
for  two  hours,  when  extraction  has  been  found  to  be  essentially  complete. 
This  method  is  now  used  in  the  Standard  Specification  for  all  GR-S.  The 
pure  copolymer,  left  as  residue,  is  the  product  to  which  we  now  turn  our 
attention. 

As  has  been  mentioned,  the  ratio  in  which  butadiene  and  styrene  are 
employed  in  the  starting  mixture  does  not  determine  either  the  ratio  in 
the  whole  copolymer  at  a  given  stage  of  reaction  or  the  ratio  present 
in  any  given  chain  molecule  of  the  copolymer.  Therefore  the  starting  ratio 
cannot  be  reUed  upon  to  control  the  composition  of  the  final  copoh-mer. 
Experiments  show  that  under  certain  process  conditions  large  differences  in 
composition  between  different  fractions  of  the  copolymer  do  occur.  Even 
under  the  best  conditions  theoretical  considerations  predict  that  variations 
must  occur  between  molecules  since  the  ratio  of  the  reactants  is  continuously 
changing  during  the  reaction. 

Let  us  examine  the  chemistr>'  of  the  process  for  a  moment  to  try  better  to 
understand  why  these  variations  are  possible.  WTien  styrene  {S)  reacts 
with  itself  polystyrene  {Sx)  is  formed.  Analogously  polybutadiene  {By)  is 
formed  in  the  case  of  butadiene  {B).  In  GR-S  both  styrene  and  butadiene 
react  to  give  a  copolymer. 

When  a  quantity  of  styrene  undergoes  polymerization,  a  distribution 
consisting  of  various  numbers  of  long  chain  molecules  of  various  lengths  is 
formed.     Thus,  if  we  start  with  Ni  molecules  of  styrene,  S,  the  polymeriza- 
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tion  reaction  results  in  the  formation  of  molecules  of  polystyrene  by  the 
addition  oi  S  io  S  in  chain  fashion.     The  result  may  be  expressed  as  follows: 


NlS  — >  fll^l  +  a2'S'2  +  ^3^3  +    •  •  •    +  anSn 


(4) 


where  each  term  represents  a  group  of  styrene  molecules  containing  1,2  •  •  • 
n  styrene  units,  n  assuming  values  up  to  several  thousand  depending  on  the 


Fig.  2. — Apparatus  for  extracting  iion  rubl)er  c()m[)onents  from  GR-S. 

reaction  conditions.  If  Ni  is  very  large  there  are  of  course  many  molecules, 
a„  ,  formed  of  the  length  corresponding  to  each  value  of  n.  In  fact,  (Zi  + 
2  02  +  3  03  +  •  •  •  +  nan  =  Ni .  The  tiirst  term  in  (4)  allows  for  the  mole- 
cules which  do  not  react,  the  second  represents  the  dimers,  the  third  the 
trimers,  etc. 
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In  an  analogous  way  we  may  consider  N2  molecules  of  butadiene,  B,  to 
polymerize  into  chain  molecules  of  various  lengths: 

N2B  ->  biBi  +  boB^  +  63^3  +  •  •  •  +  bnB„, .  (5) 

Now  if  styrene  and  butadiene  molecules  react  together,  as  in  the  produc- 
tion of  GR-S,  we  can  represent  their  copolymerization  as  the  insertion  of 
the  styrene  chains  (or  portions  of  them)  of  (4)  at  random  points  in  the 
butadiene  chains  of  (5)  to  form  chains  SjBk .     That  is 

NiS  +  NoB  ->  S   aiSjBk  (6) 

where  7  and  k  take  on  a  variety  of  integral  values  and  in  any  particular  chain 
the  arrangement  of  S  and  B  units  is  probably  random. 

In  practice,  in  the  reaction  represented  by  (6),  iV2/i\^  has  the  value  of 
approximately  6  since  75  parts  by  weight  of  butadiene  are  employed  to  25 
parts  of  styrene.  Each  chain  molecule  therefore  would  be  expected  to 
contain  about  6  butadiene  residues  to  each  one  of  styrene.  It  is  actually 
found,  however,  as  indicated  above  that  the  starting  ratio  is  not  adhered  to 
throughout  the  reaction,  the  molecules  formed  early  being  richer  in  butadiene 
and  those  formed  later  being  poorer  in  butadiene  than  the  starting  ratio  of 
6  to  1 .  But ,  not  only  is  the  ratio  Bk/Sj  a  variable  from  molecule  to  molecule 
of  the  copolymer  formed  but  also  their  sequence  along  the  chain  is  variable. 
Thus,  in  equation  (6),  even  when  equal  numbers  of  styrene  and  butadiene 
molecules  are  present,  a  strict  alternation  is  apparently  not  maintained  but 
"strings"  of  one  pure  component  or  the  other,  form. 

In  the  GR-S  reaction  the  weight  ratio  of  butadiene  to  styrene  in  the  first 
molecules  formed  may  be  as  high  as  4:1  or  more  from  a  starting  charge  of 
ratio  3:1.  Thus,  the  average  weight  percentage  of  styrene  in  the  GR-S 
copolymer  first  formed  is  about  8%  below  that  in  the  original  charge  (25%) 
and  increases  with  conversion  so  that  at  the  point  where  the  reaction  is 
stopped  the  copolymer  forming  contains  about  29%  styrene.  Analogously 
there  is  evidence  to  show  that  in  GR-S  no  regular  sequence  of  butadiene 
and  styrene  along  the  chain  molecules  exists  but  rather  a  more  or  less  random 
entrance  of  the  two  residues  into  the  molecules  with  a  frequency  approximat- 
ing the  6  to  1  ratio,  as  the  extent  of  combination  (percentage  conversion)  of 
the  two  ingredients  approaches  completion  where  obviously  the  two  must 
become  equal.  Figure  3  illustrates  this  behavior  for  a  typical  sample  pre- 
pared in  the  laboratory-.  An  integral  curve  showing  the  cumulative  per- 
centage styrene  and  a  differential  curve  representing  the  percentage  styrene 
in  the  increment  of  the  copolymer  are  illustrated. 

It  must  be  left  to  future  research  to  determine  how  important  the  mole- 
cule to  molecule  variations  in  styrene  content  are  in  terms  of  useful  properties 
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and  to  devise  ways  of  eliminatin<;;  them  if  necessary.  For  the  present,  we  are 
perhaps  justified  in  assuming  that  these  variations  can  be  neglected.  The 
control  considered  here  therefore  relates  to  the  over-all  or  average  composi- 
tion of  the  copolymer. 
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Fig.  3. — Lejt:  Cumulative  percentage  hy  weight  of  styrene  in  the  copol_\-mer  as  a 
function  of  percentage  conversion  for  an  initial  25  percent  styrene  charge.  Right:  Per- 
centage by  weight  of  styrene  in  the  polymer  forming  at  any  instant  as  a  function  of  con- 
version for  an  initial  2h  percent  styrene  charge. 


Uetermixatiox  of  Stykexe  ('onte.nt 

Many  suggestions  involving  both  chemical  and  physico-chemical  methods 
for  measuring  the  average  styrene  content  of  GR-S  copolymers  have  been 
proposed.  Physico-chemical  methods  when  applicable  have  an  advantage 
in  speed  and  precision  over  straight  chemical  methods  and  therefore  have 
been  more  carefully  examined.  Both  ultra-violet  absorption^"  and  refrac- 
tion^ have  been  shown  to  be  applicable  but  since  the  absorption  method  is 
much  more  sensitive  to  impurities,  the  refraction  method  has  proven  the 
most  general.  It  has  the  advantage  also  that  it  can  be  employed  with 
polymers  containing  considerable  gel  fraction. 

The  refraction  method  is  based  on  the  fact  that  the  styrene  residues  in  the 
copolymer  provide  a  greater  contribution  to  the  refraction  of  light  passing 
through  the  solid  or  a  solution  of  the  solid  than  do  the  butadiene  residues. 
Early  work  at  the  Bell  Laboratories  showed  that  the  determination  of  the 
refractive  inde.x  of  the  solid  un purified  copolymer  led  to  errors.  In  addition, 
the  determination  of  the  refractive  index  even  of  purified  polymers  was  not 
precise  if  much  gel  was  present,  as  frequently  was  the  case  with  the  early 
synthetic  product.  As  a  consequence  a  method,  based  on  the  use  of  the 
interferometer,  was  developed*'  '".  The  procedure  is  to  disperse  2.4  grams 
of  the  pure  copolymer  in  benzene,  transfer  the  contents  \o  the  interferometer 
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cell  and  make  a  reading  of  the  change  in  refraction  compared  to  the  pure 
benzene.  This  value,  with  the  help  of  a  curve  relating  styrene  content  to 
refraction,  enables  the  true  styrene  content  to  be  determined.  The  curve 
of  refraction  as  a  function  of  styrene  content  must  be  constructed  beforehand 
and  is  shown  in  Fig.  4.  This  curve  is  obtained  by  measuring  the  refraction 
of  pure  polystyrene  on  the  one  hand  and  polybutadiene  on  the  other.  Checks 
also  were  made  by  independent  methods  of  estimating  composition  in  the 
range  of  the  usual  Buna  S-t}^e  synthetic  rubber. 


20  30  40  50  60  70 

STYRENE     RESIDUES    IN   WEIGHT    PER  CENT 


Fig.  4. — Refraction  as  a  function  of  styrene  content  for  solutions  in  benzene  of  polymers 
containing  known  percentages  of  st\Tene. 

Through  the  use  of  this  method  it  has  been  possible  to  control  the  styrene 
content  of  the  copolymer  to  about  ±  0.2  weight  percent  styrene  residues, 
which  is  amply  close  for  all  purposes.  Figure  5  shows  the  apparatus  em- 
ployed in  this  determination,  the  interferometer.  More  recently,  it  has 
been  possible  to  emj^loy  a  simpler  procedure  where  a  milling  of  the  copolymer 
is  introduced  to  remedy  difiiculties  early  encountered  in  the  determination 
of  the  refractive  index  directly  on  the  solid".  Although  not  as  precise  as 
the  interferometer  method,  this  method  is  shorter  and  as  a  consequence 
is  tlnding  application  in  process  control.  It  is  safe  to  say  that  today,  with 
these  methods,  the  control  of  the  average  composition  of  GR-S  procuced  in 
this  country  is  now  entirely  adequate  for  all  purposes. 
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Molecular  Weight  Distribution  l\  GR-S 

Unlike  the  linear  polyesters  whose  molecular  weight  distributions  can  be 
calculated  from  simple  assumptions  (Fig.  1),  the  distribution  of  molecular 
sizes  present  in  polymerization  polymers  cannot,  at  the  present  state  of  our 
knowledge  at  least,  be  accurately  predicted.  With  linear  polymers  of 
uniform  composition  it  is  possible  to  determine  experimentally  the  approxi- 
mate molecular  weight  distribution  by  fractional  precipitation  of  the  dis- 
solved polymer  from  dilute  solution.  This  procedure,  to  yield  good  results, 
must  be  carried  out  under  very  careful  control,  and  requires  considerable 
time.  The  usual  procedure  is  to  prepare  a  solution  of  the  polymer  to  be 
studied  and  add  to  it  portions  of  a  precipitant.  The  successive  fractions 
of  the  whole  polymer  precipitated  are  then  examined  for  average  molecular 
weight  by  some  suitable  method.  This  procedure  can  give  only  a  crude 
separation  but  often  furnishes  useful  information.  More  accurate  results 
require  the  use  of  very  dilute  solutions  and  the  precipitation  is  best  carried 
out  by  lowering  the  temperature  to  produce  insolubility  at  each  step.  The 
experimental  distribution  curve  is  then  obtained  by  plotting  as  ordinate  the 
weight  fraction  and  as  abscissa  the  average  molecular  weight  (weight  average 
or  number  average)  corresponding  to  each  fraction.  In  this  way  an  integral 
curve  is  obtained  which  on  differentiation  gives  differential  curves  of  the 
type  shown  in  Fig.  1. 

In  GR-S,  such  a  fractionation  procedure  is  complicated  by  the  fact  that 
all  of  the  molecules  of  the  copolymer  are  not  of  the  same  t}^e.  For  as  we 
have  seen  we  may  encounter  differences  not  only  in  structure  between 
molecules  but  also  in  composition  either  of  which  alone  will,  independently 
of  molecular  size  per  se,  influence  solubility. 

In  fact  experiments  have  shown  that  fractions  separated  from  (iR-S 
actually  do  exhibit  differences  in  styrene  content  attesting  to  the  special 
compUcations  of  determining  molecular  distributions  in  copolymers  b}'  this 
method.  In  spite  of  this,  fractionations  of  GR-S  have  been  made  whicli 
no  doubt  have  quahtative  value.  As  a  result  of  such  experiments  it  has 
been  found  that  molecular  size  distribution  in  GR-S  is  highly  dependent  on 
impurities  present  during  the  reaction  as  well  as  on  other  factors.  When, . 
however,  the  process  and  raw  materials  are  suitably  controlled  it  is  likely 
that  the  shape  of  the  curve  does  not  vary  greatly.  Under  these  circum- 
stances the  number  average  molecular  weight  determined  by  osmotic  pres- 
sure furnishes  a  measure  of  molecule  size. 

If  the  molecules  are  not  too  highly  branched,  we  may  employ  viscosit}- 
measurements  to  furnish  a  "viscosity  average"  molecular  weight.  Since 
the  latter  measurements  are  the  simplest  to  make  they  are  generally  em- 
ployed^'-, although  care  must  be  used  to  insure  proper  interpretation  of 
results.     In  general,  the  average  molecular  weight  given  b}'  the  viscosity  will 
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fall  nearer  to  the  low  molecular  weight  end  of  the  distribution  curve  than 
does  the  true  weight  average  molecular  weight.  Only  for  a  homogeneous 
system  does  it  coincide  with  the  number  average  value.  Hence,  the  differ- 
ence between  the  two  can  be  used  as  a  rough  measure  of  the  broadness  of 
the  distribution. 

Light  scattering  from  solutions  offers  possibly  an  absolute  way  of  getting 
the  true  weight  average  value.     If  the  molecules  are  small  compared  to  the 


Fig.  6.-   Aiipa.aUis  for  nu■a^uI■in,■;  tlu-  itUi.n>il.\  .il  M.allci\-(1  li'^lil  irom  solutions  of  polymers 

wavelength  of  the  light  used  and  solutions  of  various  dilutions  are  employed, 
measurements  of  turbidity  r,  i.e.  the  fraction  of  the  totd  light  scattered  per 
cm.  of  path,  allow  the  weight  average  molecular  weight3/«,  to  be  calculated 
according  to 

^'^"       H{c/t)o 

where  H  is  a  constant,  c  is  the  concentration  and  {c/t)o  is  the  value  found 
by  extrapolation  to  zero  concentration'^     Further  study  of  this  method  is 
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required  before  direct  results  can  be  obtained  on  GR-S.  An  apparatus 
employing  electron  multiplier  tubes  for  measurement  of  the  intensity  of  the 
scattered  Ught,  which  was  developed  in  the  Laboratories,  is  being  used  to 
study  this  new  technique.  Its  original  form  is  illustrated  in  Fig.  6.  Like- 
wise, photographic  determination  of  scattered  light  has  established  good 
correlation  with  independent  molecular  weight  evaluation  of  certain  other 
polymers". 

The  distribution  of  molecule  sizes  in  GR-S  has  a  profound  influence  on  its 
properties.  It  is  controversial  still  as  to  whether  a  uniform  or  non-uniform 
distribution  is  desirable  for  all  considerations.  The  presence  of  low  molecu- 
lar material  favors  ease  of  processing  but  depreciates  properties.  High 
molecular  material  behaves  the  opposite.  It  is  customary  to  regard  the 
viscosity,  either  of  the  rubber  itself  or  the  dilute  solution  viscosity,  as  a 
measure  of  the  average  molecular  weight.  While  this  assumption  is  not 
wholly  true,  it  is  partly  justified  because  the  shape  of  the  distribution  curve 
as  commonly  measured  for  GR-S  is  roughly  constant.  When  osmotic 
measurements  can  be  made  sufficiently  accurately,  the  number  average 
molecular  weight  together  with  the  viscosity  average  provides  a  more 
precise  measure  of  the  distributions  present. 

Chain  Structure  of  GR-S  and  Its  Characterization 

As  for  simple  polymers,  the  chain  structure  of  GR-S  is  best  considered  from 
two  points  of  view :  the  micro-structure  and  the  macro-structure.  The  micro- 
stiucture,  which  has  already  been  briefly  discussed,  is  concerned  with  the 
kinds  of  atoms  forming  the  chain,  their  arrangement  in  space  and  the  manner 
in  which  they  pack  with  the  atoms  of  neighboring  chain  molecules.  It  is 
this  structure  which  is  all-important  in  determining  the  nature  of  the  forces 
between  molecules  and,  in  turn,  the  intrinsic  rubber-like  properties  of  the 
polymer.  The  micro-structure  also  determines  the  chemical  properties  of 
the  compound.  The  macro-structure,  on  the  other  hand,  is  not  dependent 
on  the  kind  of  atoms  in  the  polymer  or  their  immediate  relation  to  each  other 
but  with  the  length  of  the  chain  molecules,  their  general  shape  and  the  extent 
to  which  they  are  joined  with  the  other  molecules  (netted)  or  what  were 
originally  other  molecules  in  the  material.  It  is  the  macro-structure  which 
plays  the  chief  role  in  plasticity  and  viscosity  of  the  rubber  during  process- 
ing, its  smoothness  or  roughness  during  extrusion,  the  extent  to  which  it 
elongates  or  creeps  on  stretching  and  the  extent  to  which  it  swells  in  solvents. 

Let  us  approach  the  problem  of  the  micro-chain  structure  of  GR-S  by 
considering  the  possibilities  from  the  organic  structural  point  of  view.  In 
the  formation  of  GR-S  about  6  butadiene  molecules  combine  with  each 
styrene  molecule.     In  (9)  butadiene  is  shown  in  brackets  and  styrene  residues 
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are  between  them.     There  are  at  least  four  important  ways  in  which  the 
chain  structure  of  GR-S  can  deviate  from  the  simplest  structure,  namely 
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which  would  arise  from  a  regular  addition  of  butadiene  and  styrene.  In  the 
first  place,  as  noted  before,  the  styrene  and  butadiene  units  can  be  badly 
mixed  up  in  the  chain  and  not  arranged  in  any  special  order.  Secondly,  the 
butadiene  or  the  styrene  units  may  be  reversed  end  for  end  in  the  chains. 
This  will  make  no  difference  in  the  case  of  the  butadiene  provided  the  mole- 
cule has  a  center  of  symmetry  but  this  is  probably  not  the  case.  Again, 
the  butadiene  residue  may  assume  either  the  well-known  cis  or  the  trans 
configurations  shown  in  (10)  because  of  the  double  bond  present  in  it. 


(10) 
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cis  unit 

Finally,  the  butadiene  unit  may  be  combined  into  the  chain  as  a  1,2  or 
as  a  1,4  unit.  In  the  former  case  a  vinyl  group  is  appended  to  the  chain 
molecule  whereas  in  the  latter  it  is  absent : 


(11) 
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If  these  possibilities  are  considered,  one  representation  of  the  chain  molecule 
over  a  distance  we  should  consider  within  the  definition  of  micro  is  as 
follows: 
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Obviously  many  other  combinations  are  possible  which  are  even  more 
involved. 

There  is  considerable  chemical  as  well  as  physical  evidence  to  support 
the  presence  of  all  of  these  possibilities  in  the  GR-S  molecule.  It  is  probable 
that  the  butadiene  and  styrene  units  enter  the  chain  in  an  irregular  manner, 
although,  as  we  have  seen,  one  molecule  may  acquiie  more  total  styrene  or 
butadiene  than  another.  The  occurrence  of  cis  and  trans  forms  and  head-to- 
tail  arrangements  is  also  irregular.  The  1,2  and  1,4  butadiene  structures 
likewise  may  occur  randomly  although  the  amount  of  1 ,2  structure  appears 
to  vary  somewhat  depending  on  the  type  of  reaction.  It  is  not  possible  to 
review  here  the  detailed  evidence  for  the  randomness  and  for  the  occurrence 
of  these  various  features.  The  fact  that  x-rays  when  diffracted  from 
stretched  or  cooled  samples  of  GR-S  fail  to  show  evidence  of  crystalline  or 
even  of  imperfectly  cr>'stalline  material  is  proof  that  a  disordered  chain 
structure  exists.     X-rays,  however,  do  not  specify  the  cause  of  this  disorder. 

Work  on  synthetic  linear  polymers  of  known  composition  has  demon- 
strated that  relatively  minute  structural  changes  are  able  to  cause  marked 
disorder  in  polymer  systems^*^-  ^^.  It  is  not  surprising,  therefore,  to  find 
that  GR-S  copolymer  is  disordered.  The  important  question  is:  what  effect 
has  the  disorder  on  the  properties  and,  if  it  is  deleterious,  what  can  be  done 
about  improving  the  chain  structure?  Without  going  into  detailed  argu- 
ments there  is  good  reason  to  believe  that  an  ordered  chain  structure  is 
desirable  for  the  best  properties  in  a  rubber.  Only  then  is  it  possible  for 
the  chain  molecules  to  pack  together  into  crystalline-like  regions  on  stretch- 
ing and  thus  provide  the  resistance  to  tearing  and  breaking  that  are  required. 
Natural  rubber  possesses  this  characteristic  to  an  outstanding  degree  and 
polychloroprene  and  polyisobutylene  when  vulcanized  also  show  considerable 
crystalline  behavior  on  stretching.  Other  factors,  such  as  the  rate  at  which 
crystalline  regions  develop,  are  likewise  important^'^.  But  the  crucial 
requirement  for  toughness  is  the  development  of  the  crystalline  type  of 
forces  on  stressing. 

It  must  be  admitted  that  no  great  progress  in  reducing  the  chain  disorder 
of  GR-S  has  been  attained  as  yet.  Obviously,  complete  order  because  of 
the  hybrid  nature  of  the  polymer  is  impossible.     This  was  realized  at  the 
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outset  ol  tlie  research  program  and  lor  that  reason  emj)hasis  was  placed  on 
improving  the  macro-structure  where  obvious  changes  could  be  effected. 
We  sliall  consider  this  phase  of  the  work  next. 

\Vc  have  already  seen  how  the  chain  molecules  of  GR-S  vary  in  size  and 
in  composition.  They  may  vary  also  in  over-all  shape.  Branching  and 
cross-linking  leading  eventually  to  net-work  formation  may  result  during 
the  chain  growth  or  termination  reactions.  In  this  way  variously  shaped 
molecules  may  arise.  Obviously  the  situation  may  become  very  complex 
and  in  reality  we  may  have  to  do  with  mixtures  where  all  types  of  molecular 
species  are  present  at  once. 

What  influence  on  the  properties  of  the  linal  compounded  and  vulcanized 
rubber  do  these  various  branched  and  netted  chain  structures  have?  It  was 
not  recognihed  at  first  that  the  gel  part  of  GR-S  was  particularly  different 
from  the  sol  in  its  effect  on  ultimate  properties.  This  was  because  no 
reliable  measurements  of  sol  or  gel  had  been  made  and  because  sol  and  gel 
behaved  differently  duiing  the  compounding  arid  processing  steps^-^-. 
Some  workers  also  did  not  appreciate  that  natural  rubber  and  GR-S  behave 
very  differently  in  regard  to  the  effect  of  processing  on  their  ultimate 
properties. 

It  has  since  been  established  that  the  sol-gel  properties  are  of  importance 
both  in  the  processing  and  in  the  final  properties  of  GR-S  synthetic  rubber. 
It  turns  out  that  the  amount  of  the  sol  and  its  molecular  weight  distribution 
and  the  amount  of  the  gel  and  its  swelling  volume,  which  is  a  measuie  of  the 
intensity  of  netting,  enables  us  to  make  predictions  as  to  what  properties  a 
given  sample  of  rubber  will  exhibit  during  processing  and  in  the  final 
product  ^^  This  does  not  mean  that  other  features  of  the  sol  and  gel  are 
unimportant.  For  example,  m.ethods  of  estimating  the  degree  of  branching 
(by  m.eans  of  concentrated  solution  viscosity)*^'  ^"  of  the  soluble  portion  have 
been  worked  out  which  undoubtedly  will  be  useful  if  a  more  refined  control 
proves  desirable. 

It  is  possible  to  make  GR-S  type  rubber  which  is  completely  soluble. 
Such  a  product  requires  to  be  characterized  only  as  to  molecular  weight 
distribution,  composition  and  perhaps  degree  of  branching.  If  the  distribu- 
tion of  sol  is  such  that  there  is  an  excess  of  low  molecular  material,  the 
copolymer  besides  being  soft  and  difficult  to  handle,  provides  cured  stocks 
which  have  low  tensile  strength,  poor  tear  and  abrasion  resistance,  poor 
resistance  to  the  growth  of  cracks  and  high  hysteresis  loss.  If,  on  the  other 
hand,  an  excess  of  high  molecular  material  is  present  in  the  sol  the  copolymer 
is  very  stiff^^  and  cannot  be  handled  in  the  subsequent  compounding  and 
j)rocessing  procedures.  Aside  from  this  ditliculty  its  ultimate  properties 
seem  to  be  superior  the  higher  the  average  molecular  weight.  When  all 
considerations  of  properties  and  processing  requirements  are  taken  into 
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account  a  copolymer  containing  as  nearly  linear  molecules  as  possible  and 
having  neither  an  excess  of  high  or  low  molecular  fraction  is  probably 
preferable. 

Gel  GR-S,  depending  on  its  swelling  volume  (see  below),  is  a  tough 
material  totally  lacking  in  plasticity.  Swelling  volumes  as  low  as  10  are 
hardly  distinguishable  from  vulcanized  gum  GR-S  and  in  fact  resemble  it 
structurally  because  vulcanization  is  actually  a  special  kind  of  gel  formation. 
Ordinarily  the  swelling  volumes  of  gel  in  GR-S  range  between  20-150"'  ^^. 

Commercial  GR-S  may  contain  both  sol  and  gel,  although  the  trend  is  to 
eliminate  gel  altogether.  When  large  amounts  of  gel  of  moderate  swelling 
volume  are  present  the  product  is  hard  to  mix,  although  it  may  extrude 
smoothly,  and  after  processing,  particularly  if  done  hot,  it  is  likely  to  give 
products  which  have  higher  modulus  than  copolymer  free  from  gel,  and  to 
show  poor  resistance  to  cutting  and  crack  growth — properties  of  great  sig- 
nificance in  tires  and  other  applications.^*  It  is  therefore  important  that 
we  should  be  able  to  determine  sol  and  gel  in  the  presence  of  each  other. 
This  need  is  particularly  great  in  the  case  of  characterization  of  copolymers 
after  they  have  been  subjected  to  processing  and  compounding^' — treat- 
ments which  often  are  responsible  for  profound  changes  in  its  molecular 
structure. 

Methods  of  Characterization  of  Sol  and  Gel 

Considerable  work  has  been  done  at  the  Laboratories  on  methods  for 
determining  the  sol-gel  properties  of  polymers  and  in  investigating  the 
effects  of  various  after  treatments  of  the  copolymers  on  their  sol-gel  charac- 
teristics®- ^*.  Figure  7  shows  the  type  of  apparatus  employed  for  effecting 
the  sol-gel  separation''.  The  weighed  copolymer  sample  is  thoroughly  dried, 
cut  into  small  pieces  and  distributed  on  stainless  steel  screens  contained  in 
the  bulb  of  the  apparatus.  About  the  100  ml.  of  benzene  is  added  and  the 
parts  assembled.  After  24  hours  or  more  standing  without  disturbance, 
the  benzene  containing  the  soluble  part  of  the  copolymer  is  carefully  with- 
drawn by  opening  the  stop-cock  very  slightly.  The  weight  of  the  swollen 
gel  left  on  the  screens  is  obtained  from  the  difference  between  the  weight 
of  the  assembly  after  draining  off  the  solution  and  its  original  weight.  This 
divided  by  the  original  weight  of  the  unswoUen  gel  gives  the  swelUng  volume 
(SV)  of  the  material.     The  slight  density  correction  can  be  neglected. 

The  dilute  solution  viscosity  is  determined  directly  on  5  cc.  of  the  solution 
withdrawn  from  the  vessel  and  is  calculated  from  equation  (2).  The  con- 
centration c  is  determined  by  evaporating  a  known  volume  of  the  solution 
and  weighing  the  sohd  left  after  evaporation  of  the  benzene.  Figure  8 
shows  the  viscometers  and  bath  employed  for  the  measurements  of  the 
relative  viscosity.    A  variation  of  the  dilute  viscosity  method  adopted  for 
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use  directly  on  latex  has  been  employed  as  a  control  during  the  synthesis  of 
GR-S^^  This  test,  referred  to  as  the  vistex  test,  consists  in  adding  1  ml. 
of  the  latex  sample  to  be  examined  to  100  ml.  of  a  solvent  having  both 
hydrophobic  and  hydrophilic  properties,  such  as  a  mixture  of  70  parts  (by 
volume)  of  xylene  with  30  of  pyridine,  or  60  of  benzene  and  40  of  /-butanol. 
The  clear  solution  is  run  through  the  viscometer  in  the  usual  manner  and  the 
relative  viscositv  used  as  a  measure  of  extent  of  reaction.     The  test  has  the 


Fig.  8. 


-Viscometers  and  bath  used  for  the  determination  of  diluti'  solution  viscosity  of 
polymer  solutions. 


advantage  of  great  speed,  thus  providing  control  of  the  reaction,  step  by 
step.  Figure  9  shows  the  apparatus  em[)loyed  in  the  determination  of 
concentrated  solution  viscosity  {CSV)."^  In  this  measurement  a  15  percent 
solution  of  the  copol3nner  in  xylene  is  made  by  weighing  the  required 
quantity  of  GR-S  into  a  test-tube  adding  the  precise  volume  of  xylene  and 
stoppering.  The  solution  is  homogenized  by  moving  a  steel  armature 
through  it  in  the  test-tube  by  means  of  a  strong  electro-magnet.  A  trace 
of  acetic  acid  is  added  to  eliminate  thixotropic  effects.  After  complete 
dispersion  has  been  effected  the  viscosity  is  determined  by  the  faUing  ball 
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method.  Branched  copolymers  show  inordinately  high  concentrated  solu- 
tion viscosities.  The  latter  may  therefore  be  employed  as  a  measure  of 
degree  of  branching  or  approach  to  gelation  when  supplemented  by  dilute 
solution  viscosity  measurements.  Furthermore,  the  power  required  to 
maintain  the  armature  stationary  as  measured  by  the  current  {)assing 
through  the  magnet  furnishes  data  useful  in  predicting  how  a  given  co- 
])olymer  sample  will  process. 


Fig.  9.— Apparatus  employed  to  effect  the  solution  of  synthetic  rubber  prior  to  the 
determination  of  concentrated  solution  viscositv. 


Application   of  Sol-Gel  Methods  to   Control  Processing 

In  addition  to  their  application  to  the  control  of  synthetic  rubber  in 
production,  the  sol-gel  methods  of  characterizing  the  copolymer  which  have 
been  briefly  described  above  are  of  very  great  use  in  elucidating  what 
happens  during  the  processing  of  the  rubber^^.  By  the  term  "processing" 
is  meant  the  operations  which  are  carried  out  on  the  copolymer  subsequent 
to  its  manufacture  and  prior  to  its  vulcanization  into  its  fmal  form.  These 
operations  involve  working  the  rubber  on  machinery  (plastication)  in  order 
to  render  it  soft  and  satisfactory  for  mixing  in  pigments  and  for  extrusion 
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Fig.  10. — Curves  showing  change  in  solution  viscosity  I  ^  J  of  sol,  gel  content,  and 

swelling  volume  ot  gel  with  time  of  milling.  Both  cold  (A  and  B)  and  hot  (C  and  D) 
milling  are  shown  for  samples  of  synthetic  rubber  containing  no  gel  and  gel  of  low  swelling 
volume. 
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and  molding.  Several  different  types  of  machines  are  employed  including 
mills,  calenders,  Banbury  mixers  and  extrusion  machines.  At  every  stage 
and  particularly  in  Banbury  mixing,  where  carbon  black  is  generally  mixed 
in,  the  copol>Tner  undergoes  changes  which  affect  its  performance  in  the 
finished  product.  This  is  especially  true  if,  as  nearly  always  happens  in 
practice,  considerable  heat  is  developed  during  the  operation.  Indeed,  it 
is  frequently  true  that  processing  operations  have  more  to  do  with  the 
ultimate  rubber  properties  than  do  factors  in  the  production  of  the  copoly- 
mer itself^^  It  is  only  fairly  recently  that  this  point  has  been  sufficiently 
emphasized  and  considerable  progress  made  in  controlling  the  processing 
steps  to  the  same  extent  as  the  polymerization  is  now  controlled. 

To  see  what  happens  during  processing  of  the  copolymer  let  us  assume  we 
subject  two  extreme  types  of  GR-S,  one  containing  no  gel  and  one  contain- 
ing gel  of  rather  low  swelling  volume,  to  a  typical  hot  processing  treatment 
consisting  of  hot  mastication  and  Banbury  mixing  in  of  carbon  black. ^^  In 
addition,  in  order  to  exhibit  differences  in  processing  let  us  consider  the 
effects  of  cold  processing  on  the  same  two  samples.  As  is  evident  from  Fig. 
10  which  summarizes  the  results,^*  hot  processing  tends  to  build  up  gel  and 
decrease  its  swelling  volume  in  both  of  the  rubber  samples.  The  dilute 
solution  viscosity  on  the  other  hand  falls.  This  behavior  although  of 
advantage  to  subsequent  extrusion  and  calendering  operations  is  definitely 
opposed  to  securing  the  best  mechanical  properties  in  the  final  rubber. 
Cold  processing  has  the  opposite  effect  on  the  samples.  Thus,  the  copolymer 
not  containing  gel  is  little  affected,  whereas  the  gel  in  the  other  is  broken 
down  and  gives  rise  to  a  higher  dilute  solution  viscosity. 

In  processing,  therefore,  important  changes  in  the  chain  structure  of  the 
copolymer  are  brought  about.  Under  certain  circumstances,  these  are 
beneficial,  but  since  most  processing  involves  considerable  heat  development 
the  changes  are  usually  detrimental.  It  is  of  the  utmost  importance  there- 
fore that  a  type  of  copolymer  is  produced  which  is  compatible  with  the  type 
of  processing  machinery  already  installed  in  industry.  In  addition,  uni- 
formity of  the  copolymer  is  of  very  great  significance  if  control  of  processing 
operations  is  to  be  achieved,  for  such  control  cannot  be  attained  with  a 
variable  starting  material. 

The  processing  step  which  involves  the  mixing  in  of  carbon  black  (or 
other  pigment)  is  perhaps  the  most  important.  Unfortunately,  the  presence 
of  the  carbon  black  makes  it  impossible  to  employ  the  usual  sol-gel  analysis 
because  a  new  kind  of  insolubility  enters.'^-  -^  In  addition  to  the  primary 
valence  gel  discussed  up  to  this  point,  a  secondary  valence  combination 
involving  the  carbon  black  and  the  large  sol  molecules  forms.  This  is  not 
immediately  distinguishable  from  the  first  type  of  gel  unless  we  have  other 
reason  to  know  that  the  latter  is  absent  and  does  not  form  during  the 


380  BELL  SYSTEM  TECHNICAL  JOURNAL 

mixing  operation.  This  phenomenon  of  the  insolubilization  of  natural 
rubber  by  carbon  black  has  been  known  for  some  time.--  Only  recently, 
however,  has  its  relation  to  the  structural  features  of  GR-S  copolymer 
become  apparent.-^  Work  is  now  underway  to  allow  an  estimation  of  both 
types  of  gel  in  the  presence  of  one  another.  When  this  is  achieved  the 
analysis  of  the  reactions  occurring  during  compounding  will  be  further 
facilitated. 

Chain  Structure  and  Polymer  Properties 

We  have  now  reviewed  some  of  the  molecular  complexities  which  are 
involved  in  the  synthesis  of  GR-S  synthetic  rubber.  It  remains  to  discuss 
more  in  detail  the  influence  of  chain  structure  on  the  properties  we  associate 
with  rubber-like  behavior.  We  might  begin  by  asking  ourselves  two 
questions:  (1)  Wliat  makes  a  polym.er  exhibit  rubber-like  properties?  (2) 
\Miat  composition  and  chain  structure  are  desirable  in  a  rubber?  The  first 
question  involves  a  discussion  of  the  theor}^  of  rubber-like  elasticity.  The 
answer  to  the  second  involves  an  inquiry  into  the  specific  use  to  which  the 
material  is  to  be  applied.  Since  most  of  our  rubber  is  employed  in  tires  let 
us  consider  the  special  requirements  for  that  use. 

Taking  up  the  first  question,  we  fall  immediately  into  the  pit  of  having  to 
define  what  a  rubber  is  and  how  it  differs  from  a  plastic.  Originally  rubber 
meant  "natural  rubber".  \\Tien  synthetics  with  rubber-like  properties 
appeared  we  adopted  the  term  "synthetic  rubber"  to  describe  them.  Some 
have  objected  (unsuccessfully)  to  the  use  of  this  term  because  it  implies 
synthetic  natural  rubber  and  have  proposed  the  word  "elastomer"  instead. 
Others  have  gone  still  further  and  suggested  other  terms  (usually  ending  in 
mer)  for  various  plastics  and  rubber-like  materials. 

All  of  these  new  names  seem  unnecessary.  Polymer  is  the  inclusive  term. 
The  term  rubber  simply  has  come  to  mean  a  polymer  which  at  ordinary 
temperatures  has  properties  like  natural  rubber.  A  plastic  is  a  polymer 
which  at  ordinary  temperatures  is  hard  and  w^hich  usually  becomes  soft  and 
deformable  at  higher  temperatures.  Such  terms  as  rubber-like  plastic  or 
glass-like  plastic  are  frequently  employed.  This  kind  of  terminology  is 
admittedly  loose  but  it  often  tells  just  as  much  in  familiar  words  as  does  the 
newly  proposed  nomenclature. 

The  significant  fact  is  that  there  is  a  perfectly  consistent  and  orderly 
relationship  between  the  properties  of  pol}TTiers  and  their  chemical  Composi- 
tion and  structure.  Fundamentally,  the  major  factor  which  determines 
whether  a  long  chain  polymer  will  be  a  rubber  or  a  plastic  is  the  magnitude 
of  the  forces  acting  between  chain  molecules.  If  the  forces  between  pohmier 
molecules  are  low,  the  polymer  is  a  rubber;  if  they  are  high,  it  is  a  plastic. 
And  obviously  since  these  forces  can  be  regulated  nicely  there  are  all  grada- 
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tions  from  the  hardest  to  softest  pol>Tner.  A  rubber  therefore  may  be 
regarded  simj^ly  as  a  soft  plastic — one  in  which  the  forces  between  chains 
are  very  low— with  one  important  distinction,  namely  that  soft  plastics  to 
show  rubber-like  j^roperties  must  be  "vulcanized"  i.e.  a  few  very  strong 
inter-chain  linkages  must  be  established  to  prevent  slippage.  Some  plastics 
can  be  vulcanized,  too,  but  here  the  inter-chain  forces  are  high  anyway  and 
the  few  additional  strong  bonds  are  not  essential.  However,  the  usual 
inter-chain  forces  in  plastics  being  of  the  van  der  Waals'  type  are  very 
susceptible  to  temperature.  Consequently,  if  we  weaken  them  by  raising 
the  temperature  we  can,  provided  the  plastic  is  ''vulcanized",  cause  it  to 
acquire  rubber-like  properties  at  the  higher  temperature.  So  the  distinction 
between  rubbers  and  plastics  is  in  the  last  analysis  sUght. 

We  still  have  not  answered  the  question  as  to  what  causes  a  polymer  to 
exhibit  rubber-like  properties.  In  fact  it  was  only  during  the  last  10  years 
or  so-^  that  the  answer  has  been  known,  which  is  surprising,  because  it  is 
simply  "temperature".  Contrary  to  previous  views,  forces  between  atoms 
in  the  same  chain  have  little  to  do  with  the  long  range  retraction  phenomenon 
shown  by  rubbers,  at  least  at  elongations  up  to  about  200%.  The  stretched 
polym.er  returns  because  of  the  thermal  heat  motion  in  the  mass  which 
seeks  to  restore  the  elongated  chain  molecules  to  their  more  stable,  kinked-up 
configurations.  The  molecules,  through  their  vulcanization  points,  com- 
municate their  retraction  behavior  to  the  entire  mass.  Thus  theory  agrees 
with  experience  that  the  chemical  constitution  of  the  polymer  is  of  secondary 
signiticance.  As  long  as  chain  molecules  are  present  which  are  capable  of 
kinking-up  by  rotations  about  chemical  bonds,  as  long  as  the  forces  between 
molecules  are  not  large  compared  to  the  thermal  energ\^  and  as  long  as  the 
molecules  are  interconnected  at  points  so  as  not  to  slip,  we  shall  have  a 
rubber-like  substance  whether  we  call  it  a  rubber  or  a  plastic  or  an  elastomer. 

Coming  to  our  second  question,  it  might  now  take  the  form:  what  composi- 
tion and  chain  structure  are  desirable  in  a  rubber  for  tires?  We  shall  see 
that  the  qualitative  views  expressed  above  must  be  altered  if  we  are  to 
explain  the  more  intimate  properties  of  rubber  involved  in  this  application. 
We  have  already  seen  from  the  sol-gel  discussion  what  some  of  these  reline- 
ments  are.  There  are  certain  dififerences  between  GR-S  type  synthetic 
rubber  and  natural  rubber,  however,  which  go  back  even  farther  and  involve 
the  manner  in  which  the  molecules  pack  and  slip  over  one  another  during 
deformation.     These  have  geen  discussed  above  under  micro-structure. 

]SIan  learns  largely  by  imitation  and  our  knowledge  of  rubber-like  behavior 
has  been  no  exception.  Natural  rubber  possesses  amazing  qualities  which 
no  synthetic  product  has  yet  been  able  entirely  to  duplicate,  although  we 
have  found  in  many  cases  ways  to  overcome  weaknesses  in  synthetic  rubbers 
by  round-about  means.     For  example,  the  hysteresis  loss  in  vulcanized 
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natural  rubber,  i.e.  the  heat  generated  per  cycle  of  reversible  stretching,  is 
less  than  any  synthetic  rubber  of  comparable  gum  tensile  strength.  The 
resistance  to  crack  growth  of  vulcanized  natural  rubber,  particularly  in  gum, 
i.e.  unfilled  form,  is  better  than  any  synthetic  of  comparable  low-tempera- 
ture flexibility. 

\\Tiat  are  the  causes  of  these  differences?  We  can  make  synthetic  rubbers 
from  hydrocarbons  (in  fact  from  isoprene  itself)  which  judged  simply  from 
the  composition  should  have  the  same  interchain  forces  acting  as  in  natural 
rubber.  That  this  is  not  so  is  shown  by  the  fact  that  polyisoprene  in  all 
the  properties  which  would  fit  it  for  a  tire  rubber  is  much  inferior  to  natural 
rubber.  We  are  forced  to  conclude  that  it  is  the  form  of  the  individual 
isoprene  units  {cis  or  trans)  and  the  way  in  which  they  are  placed  in  the 
chain  that  determines. 

In  stretched  natural  rubber  we  are  convinced  that  units  are  orderly 
arranged  in  the  cis  configuration  as  follows: 
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We  might  expect  then  that  the  interchain  forces,  which  change  so  critically 
with  distance,  are  less  of  a  match  for  the  thermal  energ>'  in  synthetic  polyiso- 
prene than  in  natural  rubber.  The  high  degree  of  molecular  uniformity  in 
natural  rubber,  as  X-rays  show,  gives  rise  to  a  crystallization  on  stretching 
which  is  entirely  absent  from  polyisoprene  (see  Fig.  11).  Even  before 
crystallization  as  such  has  progressed  far  (it  starts  in  nuclei  and  these  multi- 
ply throughout  the  mass)  the  interchain  forces  have  prepared  for  and 
compensated  in  an  effective  way  for  the  increased  effect  of  stress  tearing 
the  chains  apart  and  the  increased  thermal  energy  tending  to  weaken  the 
interchain  forces.  We  may  look  upon  natural  rubber  as  a  substance  which 
progressively  and  automatically  transforms  itself  to  a  plastic  as  it  is 
elongated.  It  is  these  cr>'stallization  phenomena  which  are  responsible  for 
high  gum  tensile  strength^^  and  outstanding  resistance  to  the  growth  of 
cracks. 
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To  return  to  our  question  and  ask  once  more  what  structure  we  desire  in 
a  rubber  for  tires  we  see  that  although  we  cannot  quite  write  an  order  in 
terms  of  a  chemical  formula  we  can  state  general  requirements.  We  want 
a  i)olymer  in  which  the  interchain  forces  are  as  low  as  possible  to  give  us  low 
hysteresis.  At  the  same  time  we  want  regularity  of  chain  molecules  to 
provide  a  minimum  loss  of  cohesion  with  rising  temperature  and  rising 
elongation.  To  a  chemist  this  sounds  like  an  order  for  natural  rubber  and 
the  design  of  Buna  S  which  we  were  forced  to  imitate  in  the  emergency  seems 
wrong.  If  research  can  iron  out  some  of  this  irregularity,  a  further  improve- 
ment in  our  product  perhaps  can  be  achieved.  The  chemist  by  the  clever 
trick  of  adding  styrene  to  butadiene  has  provided  himself  a  way  he  can 


Fig.  11. — X-Ray  photographs  of  natural  rubber,  stretched  (left)  and  synthetic 
polyisoprene,  stretched  (right). 

regulate  the  interchain  forces  and  therefore  the  degree  of  rubberiness  of 
Buna  S.  He  is  able  to  make  it  harder  and  stronger  at  will  by  increasing 
the  amount  of  styrene,  something  nature  is  unable  to  do.  But  his  task  is 
not  finished  until  he  can  control  also  the  order  and  the  packing  of  his  mole- 
cules or  devise  some  equally  clever  way  of  getting  the  interchain  forces  to 
behave. 

Conclusion 

We  have  attempted  to  review  some  of  the  problems  arising  out  of  the 
effort  to  achieve  the  best  possible  Buna  S  type  rubber  for  our  war  emergency 
and  to  show  how  they  have  been  attacked.  We  have  also  tried  to  give  a 
simple  account  of  some  of  the  theories  underlying  the  behavior  of  polymers. 
The  story  of  synthetic  rubber  is  of  course  much  broader  both  in  theory  and 
practice  than  we  have  indicated. 
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Future  synthetic  polymers  will  be  devised  to  meet  the  intimate  require- 
ments of  many  diverse  applications.  Engineering  will  be  more  precise  and 
control  of  our  materials  will  be  based  more  on  scientific  methods.  It  is 
romantic  to  read  from  a  recent  popular  book  "you  see  him  in  his  shirt  sleeves 
cutting  off  a  piece  of  rubber  with  his  knife,  smelling  it,  biting  it  and  stretch- 
ing it.  Then  he  either  looks  satisfied  or  worried.  Laboratory  reports  give 
him  a  complete  report  on  the  sample  but  a  prodigious  memory  and  a  sixth 
sense  born  of  years  at  his  job  often  tell  him  whether  the  rubber  will  make  a 
good  tire."  But  this  is  hardly  the  way  the  future  engineer  will  judge.  It  is 
hoped  that  the  present  account  has  helped  to  point  out  how  scientific  meth- 
ods are  being  applied  and  how  research  can  supply  a  safe  guide  to  the  wise 
control  and  application  of  synthetic  materials. 
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Characteristics  of  Vacuum  Tubes  for  Radar  Intermediate 
Frequency  Amplifiers 

By  G.  T.  FORD 

1.  Introduction 

THE  desired  characteristics  for  vacuum  tubes  for  use  in  broad-band 
intermediate  frequency  amplitiers  are  primarily  high  transconductance, 
low  capacitances,  high  input  resistance,  and  good  noise  figure.  These 
characteristics  determine  the  frequency  bandwidth,  amplification,  and 
signal-to-noise  ratio  attainable  with  such  an  amplifier.  The  maximum 
operating  frequency  is  generally  limited  by  the  input  resistance  of  the  tube 
which  decreases  as  the  frequency  is  increased,  and,  in  some  cases,  by  the  tube 
noise  which  increases  with  increasing  frequency.  Three  other  character- 
istics which  are  also  important  are  small  physical  size,  low  power  consump- 
tion, and  ruggedness.  The  present  paper  describes  how  these  character- 
istics are  related  to  the  performance  requirements  for  intermediate  fre- 
quency (IF)  amplifiers  used  in  radar  systems  and  shows  how  the  require- 
ments were  met  in  the  design  of  the  Western  Electric  6AK5  Vacuum  Tube. 
In  a  coaxial  cable  carrier  telephone  system  of  the  type  which  was  initially 
installed  between  Stevens  Point,  Wisconsin  and  Minneapolis,  Minnesota^ 
the  upper  frequency  of  the  useful  band  is  of  the  order  of  three  megacycles 
per  second  (mc)  and  the  bandwidth  is  of  the  same  order.  The  Western 
Electric  386A  tube  was  developed  a  number  of  years  ago  for  amplifiers  such 
as  those  used  in  this  system.  It  is  characterized  by  high  transconductance 
and  low  capacitances.  In  radar  receiving  systems  similar  but  more  exact- 
ing requirements  must  be  met  for  the  IF  amplifier.  It  is  desirable  to  operate 
in  many  cases  at  a  mid-band  frequency  of  60  mc,  to  have  a  bandwidth  of 
the  order  of  2-10  mc,  and  to  have  as  close  to  the  ideal  noise  figure  as  possible. 
Additional  considerations  of  great  practical  importance  are  low  power 
consumption,  small  size,  and  ruggedness. 

The  choice  of  the  mid-band  frequency  for  the  IF  amplifier  is  influenced 
by  considerations,  a  detailed  discussion  of  which  is  outside  the  scope  of 
this  paper.  For  example,  the  characteristics  of  the  beating  oscillator  and 
ite  relation  to  the  operation  of  the  automatic  frequency  control  (AFC) 
system,  when  AFC  is  used,  are  involved.     The  usual  practice  has  been  to 

1  "Stevens  Point  and  Minneapolis  Linked  by  Coaxial  System,"  K.  C.  Black,  Bell  Labo- 
ratories Record,  January  1942,  pp.  127-132.  ,  ,  ^  „r  z,  n  c    . 

"Television  Transmission  Over  Wire  Lines,"  U.  E.  Stneby  and  J.  F.  VV  enU,  Bell  System 
Technical  Journal,  January  1941,  Vol.  20,  p.  62. 
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standardize  on  a  mid-band  frequency  of  30  mc  or  60  mc.  The  latter  fre- 
quency has  been  used  in  most  radars  developed  at  the  Bell  Telephone 
Laboratories. 

In  pulsed  radar  systems  the  transmitter  is  turned  on  and  ot^  by  the 
modulator  in  such  a  way  that  radio  frequency  energy  is  generated  for  a 
pulse  duration  r  seconds  at  a  repetition  rate  which  is  usually  several  hundred 
per  second.  When  the  transmitter  is  modulated  by  a  pulse  which  approaches 
that  shown  in  Fig.  1(a),  the  energy-frequency  distribution  in  the  transmitted 
signal  is  as  shown  in  Fig.  1(b).     Although  the  maximum  of  the  distribution 


TIME 

(a) 


FREQUENCY 

(b) 


Fig.  lb- 


Fig,  la — Modulating  pulse 
-Amplitude — frequency  distribution  in  transmitted  RF  pulse. 


curve  hes  at  the  transmitter  frequency  F,  there  is  considerable  energy  in 

1  .  ^  1  . 

the  range  F  zL  tt  and  the  receiver  usually  has  a  bandwidth  of  at  least  ~  in 

It  t 

order  to  make  as  efficient  use  as  possible  of  the  energ}^  in  the  echoes  reflected 
by  the  target.  For  many  radar  applications,  this  requirement  and  the 
problems  of  transmitter  and  beating  oscillator  frequency  stability  result 
in  the  use  of  a  bandwidth  of  as  much  as  10  mc  for  the  IF  amplifier. 

The  Western  Electric  386A  tube,  Fig.  2(a),  had  characteristics  which 
approached  those  needed  to  meet  the  IF  amplifier  requirements  discussed 
above.  It  was  therefore  slightly  modified  in  physical  form  for  convenience 
of  use  and  recoded  the  Western  Electric  71 7A  tube,  Fig.  2(b).  The  71 7A 
tube  was  used  extensively  in  IF  amplifiers  in  several  radar  systems.  As  the 
emphasis  on  small  size  and  light  weight  for  airborne  radars  increased,  and, 
as  the  need  for  better  characteristics  became  more  pressing,  further  develop- 
ment was  undertaken  which  resulted  in  the  ^^'estern  Electric  6AK5  tube. 
Fig.  3. 

The  importance  of  size  and  weight  for  radar  systems  to  be  used  in  air- 
planes is  obvious.     The  use  of  miniature  tubes  in  airborne  equipment  has 


\\crr.\r  rrnEs  for  radarv.f.  i  mi'i.ii'Irrs 
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Fig.  2a— Western  Electric  386A  vacuum  tube  (full  size). 
Fig.  2b — Western  Electric  71 7A  vacuum  tube  (full  size). 


Fig.  3 — Western  Electric  6AK5  vacuum  tube  (full  size). 


been  a  consequence  wherever  their  power  hancUing  capabilities  are  adequate 
to  meet  the  performance  requirements.  The  IF  ampUfier  offers  an  ideal 
opportunity  to  eflfect  substaatial  savings  in  both  size  and  weight  by  using 
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small  tubes.  When  the  IF  frequency  is  as  high  as  30  mc  or  60  mc,  the 
circuit  elements  are  physically  small,  so  that  the  tube  size  is  relatively 
important.  The  power  level  is  low  enough  so  that  miniature  tubes  are 
applicable.  The  photograph  shown  in  Fig.  4  illustrates  the  reduction  in 
the  size  of  the  IF  amplifier  obtained  by  using  6AK5  tubes  in  place  of  6AC7 
tubes  which  were  widely  used  previously.  The  larger  amplifier  weighs  2 
lbs.  4  oz.  while  the  smaller  one  weighs  only  9  oz.  Each  of  these  amplifiers 
provides  an  over-all  amplification  of  about  95  db  at  a  mid-band  frequency 
of  60  mc.  The  bandwidths  of  the  two  amplifiers  are  comparable.  The 
amplifier  using  6AC7  tubes  requires  31.3  watts  of  power,  while  the  6AK5 


■jrr 


Fig.   4—60   Megac3xle   IF   amplifiers  {M  full  size). 

amplifier  requires  14.4  watts.  The  power  savings  possible  with  the  6AK5 
tubes  are  not  particularly  important  from  the  power  economy  standpoint, 
but  rather  because  of  the  easier  heat  dissipation  problem.  In  compact 
equipment  such  as  airborne  radar,  the  problem  of  keeping  the  operating 
temperatures  of  the  various  components  within  safe  limits  is  formidable. 

In  the  later  years  of  the  war  the  6AK5  tube  became  the  standard  IF 
amplifier  tube  for  radar  systems  and  because  of  its  superior  properties  was 
used  for  other  applications  in  many  other  radio  equipments. 

2.  Amplification'  and  Bandwidth 

The  amplification  that  can  be  obtained  with  a  given  number  of  stages, 
and  the  useful  bandwidth,  are  closely  related.  Within  certain  limits,  one 
can  be  increased  at  the  expense  of  the  other.  In  fact,  the  product  of  the 
amplification  per  stage  and  the  bandwidth  is  one  important  measure  of  the 
goodness  of  a  particular  tube  and  circuit  design.  A  simple  case  will  illustrate 
how  this  comes  about.  Assume  the  band-pass  interstage  shown  in  Fig.  5. 
L  is  the  inductance  of  the  coil,  R  is  the  shunt  resistance  equivalent  to  the 


VACUUM  TUl'ES  FOR  RADAR  I.F.  AMPLIFIERS 


389 


load  resistor  and  any  loading  effects  due  to  high-frequency  losses  in  the 
tubes  or  circuit  elements,  and  C  is  the  total  shunt  capacitance  of  the  tubes, 
the  circuit  elements  and  the  wiring.     If  it  is  assumed  that  R,  L  and  C  are 


BLOCKING 
CONDENSER 


Fig.  5 — Band-pass  interstage, 
independent  of  frequency,  the  magnitude  of  the  impedance  of  this  network  is 

! (1) 


z    = 


+  [^  -  ZL 


1/2 


1 


When  o)  =  ojo  =      /jj;  the  impedance  is  a  maximum  and  the  frequency  /o 

=  —  is  the  resonant  frequency.     The  maximum  value  of  the  impedance  is 

I  Zo  I  =  ^.  If  this  type  of  interstage  is  used  in  a  grounded-cathode  type 
of  circuit  employing  a  pentode  tube,  the  small-signal  voltage  amplification 
A  V  from  the  control  grid  of  the  tube  to  the  plate  is 

A„  =  G,n\Z\ ' (2) 

where  G„,  is  the  grid-plate  transconductance  of  the  tube.  It  is  assumed  that 
1  Z  I  is  small  compared  to  the  plate  resistance  of  the  pentode  and  that  there 
is  no  feedback.  The  voltage  amplification  .1  ,o  at  the  resonant  frequency  is 
then 

A  vO     =     (^rmR w) 


If  the  bandwidth  is  defined  as  IF  =  J\  -  f-i ,  where  J\  and  /o  are  the  two 
frequencies  where  /U  =  y 


,  it  can  be  shown  that 
1 


AF  =/,-/,  = 


2xRC 


(4) 


The  product  of  the  mid-band  voltage  gain  times  the  bandwidth  can  be 
called  the  band  merit,  Bo ,  and  we  have 


B,  ^  (AFKA.)  =  ^-^^(G.R)  =  ^^ 


(5) 
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This  expression  for  band  merit  has  been  derived  from  the  product  of  the 
bandwidth  and  the  voltage  amplification  for  a  simple  band-pass  interstage. 
Higher  band  merits  can  be  realized  with  a  given  tube  by  using  more  compli- 
cated coupling  networks. 

Another  interpretation  of  band  merit  is  to  say  that  it  is  the  frequency  at 
which  the  voltage  amplification  is  unity.  This  is  the  frequency  at  which 
the  product  of  the  transconductance  and  the  reactance  of  the  shunt 
capacitance  is  unity. 

From  the  foregoing  expression  for  band  merit  it  is  evident  that,  in  general, 
the  higher  the  band  merit  the  fewer  is  the  number  of  stages  that  are  required 
to  obtain  a  given  gain  and  bandwidth.  It  is  highly  desirable  to  keep  the 
number  of  stages  small  in  order  to  save  space,  weight  and  power  consump- 
tion and  to  avoid  the  use  of  unnecessary  components  which  reduce   the 

Table  I 


Type 

Heater 
Power 

Plate 
Current 

Total  Power 
Consumption 

Nominal 
Transcon- 
ductance 

Transcon- 
ductance 
per  Unit  Plate 
Current 

Band  Merit 

6  AC  7 
6AG7 
6AG5 
717A 
6AK5 

walls 

2.84 
4.10 
1.89 
1.10 
1.10 

ma 

10 
30 

7.2 
7.5 
7.5 

uatts 

4.7 
9.6 
3.0 
2.3 
2.3 

umltos 
9,000 
11,000 
5,100 
4,000 
5,000 

umhos/ma 

900 
367 
708 
533 
667 

mc 
89.5 
85.3 
90.0 
71.4 
117. 

reliability  in  operation.  In  practice  the  total  amplification  in  the  receiver 
is  made  high  enough  so  that  the  system  noise,  with  no  signal,  produces  a  fair 
indication  on  the  output  device  when  the  gain  control  is  set  for  maximum 
gain.  For  a  bandwidth  of  5  mc,  the  equivalent  RF  input  noise  power  level 
is  of  the  order  of  2  X  10" ^^  watt  and  the  power  level  necessary  for  a  suitable 
oscilloscope  presentation  in  a  radar  is  about  20  miUiwatts.  The  net  over-all 
gain  needed  is  then  about  110  db.  Making  an  allowance  of,  say,  15  db  for 
losses  in  the  detectors  and  elsewhere,  a  total  of  about  125  db  gain  is  required. 
A  minimum  of  about  110  db  of  this  is  usually  in  the  IF  part  of  the  receiver. 
With  this  amount  of  gain  as  a  requirement  it  is  easy  to  see  the  importance 
of  high  band  merit,  small  size,  and  low  power  consumption  in  the  IF  tubes. 

Table  I,  above,  compares  the  salient  characteristics  of  the  6AK5  with 
those  of  other  similar  types  of  tubes. 

The  tube  design  factors  which  determine  the  band  merit  will  now  be 
examined  by  considering  an  idealized  case.  For  an  idealized  plane  parallel 
triode  structure  in  which  edge  effects  are  assumed  to  be  negligible,  the  plate 
current  can  be  related  to  the  tube  geometr\-  and  the  applied  voltages 
approximately  as  follows :- 

2  "Fundamentals  of  Engineering  Electronics,"  \V.  G.  Dow,  pp.  44,  102,  et  seq. 
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2.33  X  10  '.1  [En  + 


E,-'" 


^b  = ; : .    ,\3/2  ' — (6) 


<-r-i-T 


It  is  assumed  that  the  electrons  leave  the  cathode  with  zero  initial  velocities. 
The  failure  to  take  into  account  the  effects  of  initial  velocities  makes  this 
equation  only  a  fair  approximation  for  close-spaced  tubes,  but  it  is  still 
instructive  to  assume  it  is  approximately  correct  for  the  purposes  of  the 
present  discussion.  "-!''  is  the  active  area  of  the  structure,  "o"  is  the 
distance  from  the  cathode  to  the  plane  of  the  grid,  "6"  is  the  distance  from 
the  plane  of  the  grid  to  the  plate,  Eb  is  the  plate  voltage,  Ed  is  the  effective 
grid  voltage  (including  the  effect  of  contact  potential)  and  /x  is  the  amplifi- 
cation constant.  Dimensions  are  in  cms.  This  stipulation  is  unnecessary 
for  equation  (6)  but  is  necessary  for  some  of  the  later  equations.  For  a 
plane  parallel  tetrode  or  pentode,  equation  (6)  is  a  good  approximation  if 
Eb  is  replaced  by  the  screen  voltage  Ec2 ,  m  is  replaced  by  the  ''triode  mu" 
Hn  {mil  of  control  grid  with  respect  to  screen  grid)  and  the  coefficient  M 
introduced,  where  M  is  the  ratio  of  the  plate  current  to  the  cathode  current. 
The  reason  this  approximation  is  good  is  that  the  field  at  the  cathode,  and 
therefore  the  cathode  current,  is  determined  almost  entirely  by  the  poten- 
tials of  the  first  two  grids.  Because  of  the  screening  effect  of  these  grids 
the  potential  of  the  plate  has  little  effect  on  the  cathode  current.  We  have 
then 

2.33  X  10^' M^ (Eel  +  —  ) 

^6 7 -. ,      ,\3/2 \') 


\  M12         CL        / 


The  distance  "6"  is  now  the  distance  from  the  plane  of  the  grid  to  the  plane 
of  the  screen.     This  expression  can  be  differentiated  with  respect  to  Ed  to  get 


"^""^  .'f.  +  l-L  +  if       '' 

\  M12        a      / 

It  is  assumed  that  /X12  and  M  are  independent  of  Ed-     If  we  let  /o  be  the 
cathode  current  densitv,  then  substitute  MI^A  for  lb  in  (7),  and  eliminate 

/  '  E,\ 

the  expression  (  E^  +  — ^  )  between  (7)  and  (8),  we  have 
\  M12/ 

3  {IM  X  10^'')-'M.4/["  .^. 

^^  -  2  '' ~' ^"^^ ^^^ 


Yi  +  1^ 
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Neglecting  the  stray  capacitances  between  the  lead  wires  and  also  the  edge 
efifects,  the  greater  proportion  of  the  cold  capacitance  (input  plus  output) 
in  Farads  can  be  approximated  by 

Co  =  .0885/1  (i  +  1  +  1^  X  10-^' .  .  .(10) 

\a        0        c) 

where  "a"  and  "6"  have  the  same  meaning  as  in  (7)  and  "c"  is  the  spacing 
between  the  plate  and  the  suppressor  (or  screen  in  the  case  of  a  tetrode). 
This  is  of  course  a  highly  idealized  case.  The  cathode,  the  grids,  and  the 
plate,  are  each  assumed  to  be  plane  conductors  of  infinitesimal  thickness, 
each  having  an  area  equal  to  the  active  area  of  the  structure.*  The  band 
merit  then  becomes, 

^          G„                      4.74M7J''  X  10'  ,,,. 

^"  =  2^0=  —^^ ^ ^^ ^—"^^ ^^^^ 


\a        b        c/\        JU12      a     / 


With  a  given  cathode  current,  the  factor  M  increases  as  the  screen  current  is 
reduced.  The  use  of  small  wires  for  the  screen  grid  is  an  important  factor 
in  obtaining  minimum  screen  current. 

/o ,  the  useful  cathode  current  density,  is  limited  by  the  emission  capabili- 
ties of  the  cathode.  In  practice  it  is  necessary  to  operate  in  a  region  con- 
siderably below  the  maximum  available  emission  to  avoid  excessive  changes 
in  transconductance  which  would  result  from  variations  in  cathode  activity 
with  time.  Also,  the  shot  noise  will  begin  to  rise  when  the  region  of  tempera- 
ture-limited operation  is  approached.  It  should  be  noted  that  Bo  is  inde- 
pendent of  the  area  A . 

Taking  reasonable  values  for  M,  /o  and  jui2 ,  {M  =  0.75,  h  =  50  ma/cfn^, 
Mi2  =  25),  equation  (11)  becomes 

&=    ^ '-^'.X.'"' (12) 


^*"(^:-  + !)('  +  ■- "4-0 


The  curves  in  Figs.  6,  7  and  8  show  how  Bq  varies  with  each  of  the  variables 
"a",  "6"  and  "c"  when  a  constant  value  is  assigned  to  the  other  two.  The 
band  merit  shown  on  these  curves  is  considerably  greater  than  that  which 
can  be  realized  in  an  actual  circuit  of  the  simple  band-pass  type  assumed 
because  the  stray  capacitances  in  the  tube,  the  socket,  the  circuit  elements, 
and  the  wiring  increase  the  total  interstage  capacitance  substantially.  Also, 
the  grid-cathode  capacitance  is  substantially  higher  under  normal  operating 

*  This  assumption  is  obviougly  not  true,  particularly  in  the  case  of  the  suppressor  grid, 
but,  by  simply  regarding  the  effective  suppressor-plate  spacing  as  somewhat  greater  than 
the  actual  spacing,  the  assumption  becomes  useful. 
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conditions,  because  of  the  presence  of  space  charge,  than  when  the  tube  is 
cold,  as  assumed  in  deriving  equation  (11).     It  has  been  assumed  in  making 
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Fig.  6 — Band  merit  vs.  grid-cathode  spacing. 


a  =  o 

C  =  1 

1  MM 
6MM 

1 

^ 

^ 

\ 

y 

X 

< 
{<0 

1  /■ 

1 

1 

0.04      0.08       0.12 


0  16        020       0.24      0.28      0.32      0.36 
"b'  DISTANCE  IN    MILLIMETERS 


0.40       0.44      0.48      0.52 


Fig.   7 — Band  merit  vs.   grid-screen   spacing. 

the  calculations  that  the  current  density  and  the  triode  inu  are  held  constant 
while  "a",  "6"  and  "c"  are  varied.  In  the  cases  of  "a"  and  "7>",  this  requires 
that  the  control  grid  and/or  screen  voltage  be  varied  in  such  a  fashion  as  to 
hold  /o  constant.     The  current  density  is  nearly  independent  of  "c"  over  a 
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reasonable  range  provided  "c"  is  not  so  large  as  to  cause  the  formation  of  a 
virtual  cathode  in  the  screen-plate  space. 

Figure  6  shows  that  Bq  rises  as  "a"  is  reduced.  Reducing  "a"  also  has 
the  advantage  that  a  lower  screen  voltage  is  required  with  a  given  grid  bias. 
The  improvement  in  Bq  as  "a"  is  reduced  is  quite  rapid,  but  of  course  the 
mechanical  difficulties  involved  in  reducing  "a"  below  about  0.10  mm  become 
very  great. 

The  curve  in  Fig.  7  shows  that  -So  does  not  increase  much  if  "6"  is  increased 
above  about  0.30  mm,  and  increasing  "i"  has  the  disadvantage  that  higher 
screen  voltage  for  a  given  grid  bias  is  required. 

The  curve  in  Fig.  8  shows  that  Bq  increases  very  slowly  if  ''c"  is  increased 
beyond  about  1.50  mm,  and  increasing  "c"  has  the  disadvantage  that  the 
external  dimensions  of  the  structure  become  greater.  Increasing  "c"  also 
means  that  the  plate  comes  closer  to  any  shield  which  is  placed  around  the 
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Fig.  8 — Band  merit  vs.  plate-suppressor  spacing. 

bulb  of  the  tube,  thus  increasing  the  output  capacitance  and  tending  to 
cancel  out  any  improvement  obtained  in  the  structure  itself.  Also,  if  "c" 
is  made  too  large  a  virtual  cathode  may  be  formed  in  the  screen-plate  space 
under  some  conditions.  This  would  interfere  with  the  normal  operation  of 
the  tube. 

In  order  to  take  full  advantage  of  the  close  grid-cathode  spacing,  the 
control-grid  pitch  should  be  no  greater  than  about  1.5  times  the  spacing  and 
the  grid  wires  should  be  as  small  as  possible.  If  the  pitch  is  too  large,  the 
jjarts  of  the  cathode  directly  opposite  the  grid  wires  will  be  cut  off  while 
space  current  is  flowing  from  the  sections  opposite  the  spaces  between  grid 
wires.  This  state  of  affairs  shows  up  in  the  characteristics  as  excessive 
variation  of  the  triode  amplification  factor,  iLii2 ,  as  the  grid  bias  is  varied, 
and  results  in  a  reduction  of  the  transconductance.  That  is,  when  the 
grid  is  made  more  negative  the  amplification  factor  [i\i  decreases  so  that  the 
plate  current  does  not  decrease  as  much  as  it  would  if  \i\i  remained  constant. 


VACUUM  riBES  FOR  RADAR  I.F.  A  .\f  J'/JFIERS  M)-> 

When  the  grid  is  made  more  positive  the  plate  current  rise  is  reduced  because 
Mi2  increases.  The  grid  wires  should  be  as  small  as  possible  so  as  to  block 
oflf  no  more  of  the  area  of  the  structure  than  is  necessary.  .Vn  ideal  grid 
would  be  an  intinitesimally  thin  conducting  plane  which  offered  no  resistance 
to  the  passage  of  electrons  through  it  e.xcept  that  due  to  its  electrostatic 
potential  (sometimes  called  a  ''physicist's  grid").  In  the  6AK5  tube  the 
grid-cathode  clearance  is  0.089  mm  (O.OOvSS  inch),  the  control-grid  pitch  is 
0.0127  mm  (0.0050  inch),  and  the  wire  size  is  0.0010  inch.  E.xperiments 
have  shown  that  substantially  higher  transconductance  could  have  been 
realized,  with  the  same  spacing,  if  smaller  wires  and  smaller  pitch  had  been 
used,  but  the  mechanical  difficulties  would  have  been  much  greater. 

The  way  to  achieve  a  high  band  merit  from  the  tube  design  standpoint  is 
thus  to  use  as  close  grid-cathode  clearance  as  practicable,  to  operate  the 
tube  at  as  high  a  current  density  as  the  emission  capabilities  of  the  cathode 
will  permit,  and  to  keep  the  stray  capacitances  as  low  as  possible.  It  was 
noted  above  from  (11)  that  Bo  is  independent  of  A.  However,  if  it  were 
possible  to  maintain  the  same  grid-cathode  clearance  with  a  large  tube  as  it 
is  with  a  small  one,  the  larger  tube  would  have  the  advantage  that  the  stray 
capacitances  in  the  tube  would  be  a  smaller  fraction  of  the  total  capacitance 
so  that  the  band  merit  for  the  tube  would  be  higher.  It  would  also  be  closer 
to  what  can  be  realized  when  the  tube  is  used  in  an  actual  circuit  because 
the  capacitances  added  by  the  socket,  the  wiring  and  the  circuit  elements 
would  be  less  important.  However,  the  practical  mechanical  limitations 
controlling  the  minimum  grid-cathode  clearance  have  been  such  that  the 
band  merit  is  roughly  independent  of  the  tube  size  over  a  moderate  range  of 
sizes  of  high  transconductance  receiving  tubes. 

3.  Input  Conductance 

Two  factors  tend  to  make  the  input  conductance  of  tubes  higher  at  high 
frequencies  than  at  low  frequencies.  One  is  the  effect  of  lead  inductances 
and  the  other  is  the  effect  of  transit  time.  If  the  loading  produced  by  these 
effects  is  no  more  than  that  required  to  get  the  desired  bandwidth,  it  may  be 
no  particular  disadvantage  for  stages  other  than  the  first  one  in  the  amplifier. 
As  will  be  seen  later,  however,  this  effect  in  the  input  tube  increases  the 
noise  figure.  The  practical  result  of  a  consideration  of  these  effects  is  that 
the  leads  are  made  as  short  as  possible  and  that  small  tubes  are  used  in  order 
to  use  close  grid-cathode  clearances  when  the  frequency  at  which  the  tubes 
are  to  be  used  is  above  about  10  mc.     The  expression  deri\'ed  by  North^  for 

^  "Analysis  ot  the  Effects  of  Space  Charge  on  Grid  Impedance,"  D.  O.  North,  I.  R.  E. 
Proceedings,  Vol.  24,  No.  1,  January,  1936. 
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the  input  conductance  of  a  tetrode  or  pentode  can  be  re-written,  neglecting 
the  higher  order  terms,  to  give  the  approximate  expression 

b 


„     _  5.0  X  \Qr\^fGr. 
^'" Fi 


1  +  ?>.?> 


(13) 


where  Gm  is  the  triode-connected  transconductance,  a  is  grid-cathode  spacing 
in  cms,  h  is  grid-screen  spacing  in  cms,  Vi  and  V-i  are  the  eflfective  grid-plane 
and  screen-plane  potentials  in  volts,  and  /  is  the  frequency  in  mc.  It  is 
assumed  that  there  are  no  lead  inductances  and  that  there  is  no  potential 
minimum  in  the  grid-cathode  region.  For  a  given  transconductance,  (13) 
shows  that  close  spacings  are  necessary  for  minimum  grid  conductance. 

If  the  lead  inductances  between  the  external  circuit  and  the  tube  elements 
are  appreciable,  the  input  loading  may  be  excessive  even  though  the  transit 
time  through  the  tube  structure  is  negligibly  small.  The  general  case  taking 
account  of  the  mutual  and  self  inductances  of  all  the  leads  of  a  pentode  has 
been  treated  by  Strutt  and  van  der  ZieP.  The  equations  are  cumbersome 
even  though  only  the  first  order  terms  in  frequency  are  retained.  If  all  of 
the  lead  inductances  except  that  in  series  with  the  cathode  are  neglected, 
and  transit  time  is  assumed  to  be  negligible,  the  input  conductance  of  a 
pentode  becomes  approximately^ 

Gin    =    CjO-G,„LlcCk (14) 

where  Lk  is  the  cathode  lead  inductance  and  C/.-  is  the  grid-cathode  capaci- 
tance. It  is  further  assumed  that  the  plate-grid  capacitance  is  negligible. 
Work  done  at  the  Naval  Research  Laboratory  includes  data  on  the  input 
conductance  of  6AK5  tubes  in  the  frequency  range  from  100  mc  to  300  mc. 
Through  the  courtesy  of  the  Naval  Research  Laboratory  some  of  the  data 
are  reproduced  in  Fig.  9.  It  is  of  interest  to  check  a  point  on  this  curve 
against  equation  (14).  For  the  6AK5,  0.02  micro-henry  is  the  estimated* 
cathode  lead  inductance,  G„,  =  5000  X  10-«  mhos,  and  Q-  =  4  X  10-^2 f^rad. 
At  a  frequency  of  250  mc  we  hav^e  a  calculated  conductance  of  990 
micromhos,  which  checks  roughly  with  the  value  of  1110  micromhos  from 
the  curve  in  Fig.  9.  Equation  (13)  can  be  used  to  obtain  an  approximate 
value  for  the  loading  due  to  transit  time.  Taking  a  =  0.0089  cm.,  b  = 
0.032  cm.,  G„  =  6.7  X  lO"'  mhos,/  =  250  mc,  Vi  =  +2.3  volts,  and  Fa 
=  -|-120  volts,  a  calculation  giv^es  G,„  =   177  micromhos.     These  results 

■•  "The  Causes  for  the  Increase  of  the  Admittance  of  Modem  High-Frequency  Amplifier 
Tubes,"  M.  J.  O.  Strutt  and  A.  van  der  Ziel,  /.  R.  E.  Proceedings,  Vol.  26,  No.  8,  August 
1938. 

^  "Hyper  and  Ultra-High  Frequency  Engineering,"  Sarbacher  and  Edson,  p.  435. 

*  This  has  been  checked  roughly  by  Q-meter  measurements. 
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show  that  the  j)erformaiice  of  the  6AK5  near  the  upper  end  of  its  present 
useful  frequency  range  is  probably  limited  to  a  considerable  degree  by  the 
lead  inductances  rather  than  by  transit  time  effects  in  the  structure. 
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Fig.  9 — Average  input  conductance  vs.  frequency  for  six   6AK5    tubes — courtesy  of 
Naval  Research  Laboratory. 


4.  Noise 

Although  it  may  be  possible  to  employ  enough  stages  of  IF  ampUfication 
to  provide  the  necessary  gain  and  band-width  we  may  still  have  a  relatively 
insensitive  receiver  for  weak  signals.  This  comes  about  because  there  are 
inherent  electrical  disturbances  in  vacuum  tubes  and  passiv^e  networks  which 
give  rise  to  random  voltages.  Since  these  disturbances  may  be  of  the  order 
of  the  strength  of  the  signal,  they  must  be  kept  to  a  minimum  in  order  to 
maintain  a  high  signal-to-noise  ratio.  In  a  receiving  s}'stem  in  whfch  no 
RF  ampUfication  is  used  ahead  of  the  first  detector,  the  signal-to-noise  ratio 
is  limited  to  a  large  extent  by  the  noisiness  of  the  first  detector  and  the  first 
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IF  tube.  The  noise  performance  of  the  first  IF  stage  will  be  discussed  in 
some  detail.** 

A  convenient  method  of  expressing  the  departure  from  ideal  performance 
is  the  use  of  the  "noise  figure"  proposed  by  Friis*^  The  noise  figure  of  a 
network  or  amplifier  may  be  defined  as  follows: 

_  Available  output  noise  power  /j^-j 

GKTAf  

where  G  is  the  "a\-ailable  gain"  which  is  defined  as  the  ratio  of  the  available 
signal  power  at  the  output  terminals  of  the  network  or  amplifier  to  the 
available  signal  power  at  the  terminals  of  the  signal  generator.  KTAf  is 
the  available  noise  power  from  a  passive  resistance,  where  K  is  Boltzmann's 
constant,  T  is  absolute  temperature  and  A/  is  the  incremental  bandwidth. 
This  follows  from  consideration  of  a  noise  generator  of  resistance  Ro  working 
into  a  load  resistance  Ro .  This  is  the  condition  for  maximum  power  into 
the  load,  half  of  the  noise  voltage  appearing  across  the  source  and  half 
across  the  load.  The  open-circuit  noise  voltage  appearing  across  the 
terminals  of  a  resistance  Ro  is 

V-    =    AKTRoAf (16) 

The  noise  power  delivered  to  the  load  by  the  source  resistance  will  be 

^-  =  5  =  ^^^^ '''> 

If  there  were  no  source  of  noise  other  than  that  of  the  resistance  of  the  signal 
source  itself,  the  noise  figure  would  be  unit}'.  If  the  signal  source  works 
dnectly  into  a  matched  load  resistance  at  the  same  temperature,  the  noise 
figure  is  2  since  the  available  output  noise  power  is  KTAf  and  the  available 
gain  is  one-half. 

The  importance  of  the  noise  figure  of  the  radar  receiver  is  obvious  since  a 
reduction  in  the  noise  figure  is  equivalent  to  the  same  percentage  increase  in 
transmitter  power.  In  recent  radar  systems  the  noise  arising  in  the  first  IF 
stage  constituted  a  substantial  part  of  the  total  receiver  noise. 

If  the  first  IF  tube  provides  at  least  15  db  gain,  noise  introduced  by  its 
plate  load  impedance,  and  by  anyother  sources  in  the  rest  of  the  amplifier, 
is  usually  negligible.  The  departure  of  the  noise  figure  of  the  IF  amplifier 
from  unity  is  then  due  to  noise  arising  in  the  first  tube  and  in  its  input 
circuit. 

In^he  very  high  frequency  (\'HF)  range,  essentially  all  of  the  noise  arising 

**  It  will  be  assumed  in  all  of  the  discussion  about  noise  that  there  is  no  noise  due  to 
flicker  effect,  emission  of  positive  ions,  microphonics,  sputter,  ionization,  secondary  emis- 
sion, or  reflection  of  electrons  from  charged  insulators. 

« "Noise  Figure  of  Radio  Receivers,"  H.  T.  Friis,  /.  R.  E.  Proceedings,  July  1944. 
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in  the  tube  itself  is  due  to  random  fluctuations  in  the  emission  of  electrons 
from  the  cathode.  For  a  parallel  plane  diode  in  a  circuit  such  as  that  shown 
in  Fig.  10(a),  the  mean  square  noise  current  is^ 

il  =   ir^hAf (18) 

where  e  is  the  electronic  charge,  h  is  the  d-c  cathode  current,  A/  is  the 
incremental  bandwidth,  and  F  is  a  factor  which  takes  into  account  the 
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Fig.     10a — Diode,     negligible    circuit    impedance. 
Fig.  10b — Pentode,  negligible  circuit  impedance. 
Fig.  10c — Pentode,  impedance  in  grid  circuit. 


"cushioning  effect"  of  space  charge.  For  anode-cathode  spacings  and 
operating  conditions  such  that  the  transit  time  is  not  too  large  a  faction  of 
the  period  of  the  frequency  involved,  F  is  of  the  order  of  0,20  when  the 
zero-field  emission  is  several  times  larger  than  h  ■  Under  temperature- 
limited  conditions  F  is  unity.  That  is,  under  favorable  space-charge- 
limited  conditions,  the  fluctuation  noise  component  in  h  is  only  about  20% 
of  the  value  for  the  same  cathode  current  under  temperature-limited  condi- 
tions.    Although  the  introduction  of  grids  between  the  cathode  and  anode 

'  "Fluctuations  in  Space-Charge-Limited  Currents  at  Moderately  High  Frequencies," 
B.  J.  Thompson,  D.  O.  North,  W.  A.  Harris,  R.  C.  A.  Review,  October  1940,  Vol.  5,  p.  244. 
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of  the  simple  diode  complicates  the  noise  problem,  the  factor  T  remains  of 
great  importance.  It  is  therefore  desirable  to  control  the  tube  processing 
in  manufacture  so  as  to  insure  adequate  available  emission  in  every  tube. 
An  ''activity  test"  is  made  on  completed  tubes  for  this  purpose.  This  test 
consists  of  reducing  the  heater  voltage  by  an  arbitrary  amount  (usually  10%) 
and  observing  the  change  in  one  of  the  tube  characteristics  which  is  sensitive 
to  changes  in  available  emission.  The  characteristic  used  for  tubes  like 
the  717A  and  6AK5  is  the  transconductance.  If  the  transconductance  de- 
creases by  more  than  about  20%  for  a  10%  reduction  in  heater  voltage, 
with  the  other  operating  voltages  held  constant,  insufficient  available  emis- 
sion is  indicated  and  T  is  higher  than  for  more  "active"  tubes. 

In  the  case  of  a  pentode  with  negligible  impedance  in  each  of  its  leads,  as 
shown  in  Fig.  10(b),  the  fluctuation  in  the  cathode  current  is  the  same  as 
that  given  in  equation  (18),  but  the  noise  component  in  the  plate  lead  is 
larger,    Thompson,  North,  and  Harris''  showed  that  it  can  be  written  as 

4  =  26/,A/[^^^^^±-^] (19) 

where  Ip  is  the  d-c  plate  current  and  hi  is  the  d-c  screen  current.  It  was 
mentioned  above  that  T  can  be  made  as  low  as  0.20  by  providing  adequate 
available  emission.  From  the  design  standpoint,  equation  (19)  also  shows 
that  the  screen  current  should  be  as  small  as  possible.  For  normal  operat- 
ing conditions  in  a  pentode,  the  screen  current  is  influenced  by  the  screening 
fraction  (fraction  of  area  blocked  off  by  grid  wires)  of  the  screen  grid  and 
by  the  amount  of  space  current  turned  back  to  the  screen  in  the  screen-plate 
region.  The  way  to  get  a  minimum  screening  fraction  and  still  obtain  the 
desired  function  of  the  screen  grid  of  reducing  the  plate-grid  capacitance  is 
to  use  wire  of  as  small  diameter  as  possible.  The  presence  of  a  suppressor 
grid,  at  cathode  potential,  placed  between  the  screen  and  the  plate  to  pre- 
vent interchange  of  secondary  electrons,  causes  a  certain  proportion  of  the 
space  current  which  would  otherwise  go  to  the  plate  to  be  turned  back  to  the 
screen.  Here  again,  this  effect  is  minimized  by  using  as  fine  wire  as  possible 
for  the  suppressor  grid.  It  was  pointed  out  in  an  earlier  section  that  fine 
wires  are  desired  for  the  control  grid.  The  ideal  for  each  of  the  three  grids  in 
an  IF  pentode  would  be  a  conducting  plane  which  offers  no  resistance  to 
the  passage  of  electrons  other  than  the  influence  of  its  potential. 

When  impedances  are  connected  in  the  various  leads  of  a  pentode  the 
noise  components  discussed  above  will,  in  general,  be  different  due  to  the 
influence  of  fluctuation  voltages  developed  between  the  elements  of  the  tube. 
In  particular  it  is  found  experimentally  in  the  \'HF  range  of  frequencies 
that  when  an  impedance  Z  is  introduced  between  the  grid  and  cathode,  as 
shown  in  Fig.  10(c),  the  noise  component  in  the  plate  lead  rises  more  than 
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would  be  exi)cctcd  due  to  thermal  noise  from  /,  because  of  the  effect  of  j^rid 
noise.  North  and  Ferris^  showed  that  the  grid  noise  can  be  taken  into 
account  by  assuming  that  the  input  resistance  of  the  tube  is  a  resistance 
noise  source  whose  absolute  temperature  is  about  4.8  times  ambient,  if  the 
input  loading  is  due  to  transit  time  effects  alone.  One  consequence  of  this 
input  loading  is  that  at  high  frequencies  the  best  signal-to-noise  ratio  is 
usually  obtained  with  an  input  circuit  of  lower  impedance  than  that  which 
would  be  used  at  low  frequencies. 

Actually,  as  was  brought  out  in  an  earlier  section,  the  loading  in  tubes 
like  the  6AK5  is  probably  due  largely  to  lead  inductances  between  the  active 
tube  elements  and  the  external  circuit  components  up  to  a  few  hundred 
megacycles.  According  to  Pierce^  the  effect  of  the  cathode  lead  inductance 
feedback  is  to  reduce  the  signal  component  in  the  output  current  while 
leaving  the  noise  current  due  to  screen  interception  noise  unaffected.  Input 
loading  may  be  a  limiting  factor  in  tubes  like  the  71 7A  and  6AK5  when  the 
frequency  is  of  the  order  of  100  mc  or  higher,  both  because  of  its  effect  on 
gain  in  some  cases  and  because  of  its  adverse  effect  on  the  signal-to-noise 
ratio  for  early  stage  use.  There  is  good  evidence  that  the  6AK5  structure 
would  be  useful  at  much  higher  frequencies  than  is  the  case  at  present  if  the 
circuit  connections  to  the  tube  elements  were  improved  by  more  advan- 
tageous mounting  of  the  structure  and  the  use  of  more  suitable  sockets  or 
external   connectors. 

Noise  measurements  made  by  a  number  of  workers  at  Bell  Telephone 
Laboratories'"  indicate  that  an  average  noise  figure  of  about  2.8  can  be 
obtained  with  the  6AK5  at  a  midband  frequency  of  60  mc,  with  a  well- 
designed  input  circuit,  and  bandwidths  up  to  10  mc.  At  a  mid-band  fre- 
quency of  30  mc  the  noise  figure  is  about  2.4.     At  100  mc  it  is  about  3.6. 

5.  Description  of  the  Design  of  the  Western  Electric  6AK5  Tube 

In  order  that  the  reader  may  have  a  full  appreciation  of  the  dimensions 
and  other  requirements  of  design  to  meet  the  characteristics  discussed 
above,  a  detailed  description  of  the  6AK5  tube  follows. 
5.1     Mechanical  Description 

The  6AK5  tube  is  an  indirectly  heated  cathode  type  pentode  employing 
the  7-pin  button  stem  and  the  T-5-1/2  size  miniature  bulb.  The  outline 
dimensions  are  shown  in  Fig.  11.  A  photograph  of  a  mount  ready  to  be 
sealed  into  a  bulb  is  shown  in  Fig.  12.  Figure  13  is  a  photograph  of  a 
transverse  section  through  the  tube  at  the  middle  of  the  structure  in  a  plane 

*  "Fluctuations  Induced  in  Vacuum  Tube  Grids  at  High  Frequencies,"  D.  O.  North 
and  W.  R.  Ferris,  /.  R.  E.  Proceedings,  Vol.  29,  No.  2,  February  1941. 
'  Unpublished  Technical  Memorandum,  J.  R.  Pierce. 
»« S.  E.  Miller,  V.  C.  Rideout,  R.  S.  Julian. 


402 


BELL  SYSTEM  TECHNICAL  JOURNAL 


V'  +     3_" 

e      32 

(MEASURED    AT 
y,g'  DIAM.  ON   BULB) 


0.040"  +  0.002" 


U     0.375" 
'"^±0.005 


CATHODE  AND  - 
SUPPRESSOR  GRID 


__      CATHODE    AND 
SUPPRESSOR  GRTD 


SCREEN  GRID'  PLATE  HEATER 

Fig.  1 1 — 6AK5  outline  dimensions. 


Fig.  12 — 6AK5  mount  structure  (full  size). 
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parallel  to  the  stem  or  "base"  of  the  tube.  The  magnification  in  Fig.  13 
as  reproduced  is  about  5 3^  times. 

The  heater  is  a  conventional  folded  type  with  eight  legs  of  coated  tungsten 
wire.  The  wire  diameter  is  0.0014  inches  and  the  unfolded  length  is  3  inches. 
The  insulating  coating  consists  of  fired  aluminum  oxide  and  is  about  0.0025 
inch  thick. 

The  cathode  is  of  oval  cross-section  with  the  contours  of  the  longer  sides 
shaped  to  conform  to  the  shape  of  the  control  grid.     The  major  axis  of  the 


Fig.   13— Transverse  section  of  6.\K5   tube   (53-9   times). 

cross-section  of  the  cathode  sleeve  is  0.048  inch.  The  minor  axis  is  0.025 
inch.  The  length  of  the  sleeve  is  0.47  inch  and  it  is  coaled  over  a  centralized 
section  which  extends  0.28  inch  along  its  length.  The  coating  is  the  usual 
mixture  of  oxides  of  barium,  calcium,  and  strontium.  Before  the  tube  is 
processed,  the  coating  thickness  is  about  0.002  inch,  .\fter  processing,  it  is 
about  0.001  inch  thick. 

The  grids  are  oval-shaped  and  are  wound  with  small  diameter  wires. 
The  control-grid  and  the  screen-grid  lateral  wires  are  0.001  inch  diameter 
tungsten.  The  suppressor-grid  lateral  wires  are  0.002  inch  diameter 
molybdenum.  The  control-grid  wires  are  gold-plated  in  order  to  minimize 
primary  emission  of  electrons  from  this  grid. 
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The  plate  has  a  rectangular  transverse  cross-section  and  is  made  of  0.005 
inch  thickness  carbonized  nickel.  The  carbonization  increases  the  thermal 
emissivity  of  the  plate  surface  so  that  a  reasonable  amount  of  power  dissipa- 
tion in  the  plate  can  be  tolerated. 

The  end  shields  are  made  of  nickel-plated  iron.  The  reason  for  using  this 
material  instead  of  nickel,  as  is  more  often  the  case,  is  to  prevent  overheating 
of  these  shields  during  the  exhaust  process.  At  the  temperatures  used,  the 
iron  shields  pick  up  less  energy  in  the  induction  field  during  the  out-gassing 
of  the  plate  than  do  nickel  shields.  The  function  of  the  end  shields  is  to 
minimize  the  stray  capacitance  between  the  plate  and  the  control  grid. 

The  insulators  or  spacers  which  hold  the  tube  elements  in  proper  disposi- 
tion with  respect  to  each  other  are  of  high  grade  mica.  They  are  coated  with 
magnesium  oxide  to  minimize  surface  leakage  effects. 

The  getter,  which  can  be  seen  at  the  top  of  the  structure  in  Fig.  12,  con- 
tains barium  which  is  flashed  onto  the  inside  surface  of  the  bulb  at  the  end 
of  the  exhaust  process  in  order  to  take  up  residual  gas  evolving  from  the 
parts  of  the  tube  during  operation. 

Although  the  individual  parts  are  extremely  small  and  fragile,  the  com- 
pleted tube  is  surprisingly  rugged.  The  short  supporting  wires  in  the  stem 
and  the  support  provided  by  the  bulb-contacting  top  insulator  result  in 
the  stem,  bulb,  and  mount  structure  being  a  relatively  rigid  unit.  The 
small  parts  assembled  into  the  mount  are  very  light  in  weight  and  therefore 
exert  relatively  small  forces  on  their  supporting  members  under  conditions 
of  mechanical  shock.  Shock  tests  performed  at  the  Naval  Research  Labora- 
tory and  at  the  Bell  Laboratories  show  that  the  6AK5  tube  stands  up 
satisfactorily  under  a  steady  vibration  of  rms  acceleration  2.5  times  gravity 
and  withstands  1  millisecond  shocks  of  over  300  times  gravity. 

The  most  important  single  geometrical  factor  in  the  tube  is  the  spacing 
between  the  cathode  and  the  control  grid.  In  the  6AK5  tube  this  clearance 
is  0.0035  inch  after  processing.  Before  processing  it  is  0.0025  inch.  The 
manufacturing  difficulties  involved  in  assembling  the  structure  and  main- 
taining such  small  clearances  are  obviously  very  great.  However,  as  was 
seen  from  the  discussion  above,  this  close  spacing  is  essential  in  order  to 
obtain  the  desired  high-frequency  performance. 

It  can  be  observed  that  the  close  mounting  of  the  structure  on  the  stem 
provides  ver>^  short  lead  lengths  between  the  tube  elements  and  the  external 
pins.     This  is  of  importance  at  frequencies  where  the  inductances  of  the  lead 
wires  become  comparable  in  magnitude  to  the  circuit  reactances. 
5.2     Low  Frequency  Electrical  Charatceristics 

The  usual  static  characteristics  are  shown  by  the  curves  in  Fig.  14.  The 
ratings,  nominal  characteristics,  and  cold  capacitances  are  given  in  Table  II 
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5.3    Fixed  Tuning 

It  is  highly  desirable  to  design  the  IF  amplifier  with  lixed  tuning  in  order 
to  minimize  the  number  of  adjustments  that  need  to  be  made  when  tubes 
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Fig.  14 — Average  6AK5jcharacteristics. 


are  changed.  The  difficulty  immediately  arises  that,  since  the  tube  capaci- 
tances are  usually  a  large  fraction  of  the  total  shunt  capacitance  of  each 
coupling  network,  the  variations  in  capacitance  from  one  tube  to  another 
become  very  important.  It  is  essential  that,  after  the  amplifier  is  lined  up 
at  the  factory  with  standard  tubes,  any  stock  tubes  taken  at  random  shall 
give  satisfactory  performance  in  the  amplifier.    This  requires  close  control 
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of  the  capacitances.  Not  only  must  the  capacitances  be  held  within  the 
limits  of  the  test  specification,  but  the  product  averages  must  be  kept  close 
to  the  design  center  values  particularly  in  the  cases  of  the  input  and  output 
capacitances. 

Table  n 

• 

Heater  Rating 

Heater  voltage 6.3  volts,  a-c  or  d-c 

Nominal  heater  current 0. 175  ampere 

Maximum  Ratings  {Design-center  values) 

^laximum  plate  voltage 180  volts 

Maximum  screen  voltage 140  volts 

Maximum  plate  dissipation 1.7  watts 

Maximum  screen  dissipation 0.5  watt 

^Maximum  cathode  current 18  milUamperes 

^laximum  heater-cathode  voltage 90  volts 

Maximum  bulb  temperature 120°C 

Operatikg  Conditions  and  Ch.aracteristics 

Plate  voltage 120 

Screen  voltage 120 

Cathode-bias  resistor 200 

Plate  current 7.5 

Screen  current 2.5 

AmpUfication  factor 1700 

Plate  resistance 0.34 

Transconductance 5000 

Interelectrode  C.ap.acit.ances  {With  JAN  lA  Xo.  314  shield  connected  to  cathode) 

Control  grid  to  heater,  cathode,  screen  grid  and  suppressor  grid 3.90  /i/if 

Plate  to  control  grid 0.01  AJ/xf 

Plate  to  heater,  cathode,  screen  grid  and  suppressor  grid 2.85  ju/xf 


150 

180  volts 

140 

120  volts 

330 

200  ohms 

7.0 

2.2 

1800 

7 . 7  milliamperes 
2.4  milhamperes 
3500 

0.42 
4300 

0 .  69  megohms 
5100  micromhos 

6.  Conclusion' 

The  important  factors  to  be  considered  in  evaluatmg  the  suitabiUty  of  a 
vacuum  tube  for  broad  band  IF  use  in  the  V'HF  range  are  as  follows: 

1 .  Band  merit 

2.  Noise  figure 

3.  Input  conductance 

4.  Power  consumption 

5.  Physical  size 

6.  Control  of  capacitances 

We  have  seen  that  the  tube  design  features  which  make  a  tube  good  on 
the  basis  of  these  requirements  are  close  grid-cathode  spacing,  fine  grid  wires, 
short  lead  wires,  and  small  elements.  An  important  consideration  from  the 
manufacturing  standpoint  is  the  control  of  cathode  emission  for  low  noise. 
It  has  been  possible  to  extend  the  useful  frequency  range  of  conventional 
receiving  tubes  up  through  the  \*HF  range  and  somewhat  higher  by  this 
line  of  attack. 
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The  0AK5  tube  is  an  outgrowth  of  the  many  years  of  development  in 
this  general  lleld  by  the  Electronics  group  of  the  Bell  Telephone  Laboratories. 
Contributions  to  the  success  of  the  development  have  been  made  by  chem- 
ists, physicists,  mechanical  engineers  and  electrical  engineers  too  numerous 
to  mention  individually  and  to  whom  the  author  is  indebted  for  much  of  the 
material  presented. 


High  Q  Resonant  Cavities  for  Microwave  Testing 

By  I.  G.  WILSON,  C.  W.  SCHRAMM  and  J.  P.  KINZER 

Formulas  and  charts  are  given  which  aid  the  design  of  right  circular  cylinder 
cavity  resonators  operating  in  the  TE  01  w  mode,  which  yields  the  highest  Q  for 
a  given  volume.  The  application  of  these  to  the  design  of  an  echo  box  radar  test 
set  is  shown,  and  practical  considerations  arising  in  the  construction  of  a  tun- 
able cavity  are  discussed. 

Introduction 

A  TUNABLE  high  Q  resonant  cavity  is  a  particularly  useful  tool  for 
-^  ^  determining  the  over-all  performance  of  a  radar  quickly  and  easily^* 
Further,  since  it  uses  the  radar  transmitter  as  its  only  source  of  power,  it  can 
be  made  quite  portable.  When  a  high  Q  cavity  is  provided  with  two  cou- 
plings, one  for  the  radar  pickup  and  the  other  to  an  attenuating  device, 
crystal  rectifier  and  meter  which  serve  for  tuning  the  cavity  not  only  can 
an  indication  of  over-all  performance  be  obtained  but  other  useful  informa- 
tion as  well.  For  example,  the  transmitter  frequency  can  be  measured; 
calibration  of  the  crystal  affords  a  rough  measure  of  the  transmitter  power; 
and  an  analysis  of  the  spectrum  can  be  made  by  plotting  frequency  versus 
crystal  current.  This  information  is  of  particular  importance  in  radar 
maintenance. 

The  Q  required  for  this  purpose  is  quite  high,  comparable  to  that  obtained 
from  quartz  crystals  in  the  video  range.  For  this  reason,  such  cavities 
have  many  additional  possibilities  for  use  in  microwave  testing  equipment 
and  microwave  systems.  For  example,  they  may  form  component  parts  of 
a  narrow  band  filter,  or  be  used  as  discriminators  for  an  oscillator  frequency 
control. 

Resonant  cavities  are  of  two  general  types — tuned  and  untuned.  A  tuned 
cavity  is  designed  to  resonate  in  a  single  mode  adjustable  over  the  radar 
frequency  range.  An  untuned  cavity  is  of  a  size  sufficient  to  support  a 
very  large  number  of  modes  within  the  working  range.  Both  are  useful, 
but  the  tuned  variety  can  give  more  information  about  the  radar  and  hence 
has  been  more  widely  used. 

While  a  tuned  cavity  may  be  a  cylinder,  parallelepiped  or  sphere  (or  even 
other  shapes),  the  first  of  these  has  been  most  thoroughly  explored  by  us. 
It  offers  the  possibiHty  of  utilizing  the  anomalous  circular  mode,  described 
by  Southworth^  in  his  work  on  wave  guides,  which  permits  the  attain- 
ment of  high  ()'s  in  quite  a  small  size.  In  addition,  it  is  easier  to  construct 
a  variable  length  cylinder  than  a  variable  sized  sphere. 

*  Superscripts  refer  to  bibliography. 
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Due  to  their  interesting  properties  the  history  of  resonators  of  the  cavity 
type  in  which  a  dielectric  space  is  enclosed  by  a  conducting  material,  goes 
back  many  years.  In  1893  J.  J.  Thompson'  derived  expressions  for  resonant 
frequencies  of  the  transverse  electric  modes  in  a  cylinder.  Lord  Rayleigh'' 
published  a  paper  in  1897  dealing  with  such  resonant  modes.  The  early 
work  was  almost  entirely  theoretical  but  some  experiments  were  carried  out 
in  1902  by  Becker^  at  5  and  10  centimeters.  In  recent  years,  the  subject 
has  been  fairly  thoroughly  investigated  (at  least  theoretically)  for  several 
simple  shapes. 

However,  many  of  the  presentations  are  highly  mathematical  with  con- 
siderable space  devoted  to  proofs;  the  results  which  would  be  most  useful 
to  an  engineer  are  thus  sometimes  obscured.  The  purpose  of  this  paper  is 
to  present  certain  engineering  results  together  with  information  upon  the 
application  of  the  tunable  cylindrical  cavity  to  radar  testing. 

Defimtioxs  and  Fundamental  Formulas 
Modes 

By  fundamental  and  general  considerations,  every  cavity  resonator,  re- 
gardless of  its  shape,  has  a  series  of  resonant  frequencies,  infinite  in  number 
and  more  closely  spaced  as  the  frequency  increases.  The  total  number  .V 
of  these  having  a  resonant  frequency  less  than/  is  given  approximately  by:^ 

N=^Vf  (1) 

in  which 

V  =  volume  of  cavity  in  cubic  meters. 

c  =  velocity  of  electromagnetic  waves  in  the  dielectric  in  meters  per 
second. 

/  =  frequency  in  cycles  per  second. 
With  each  resonance  there  is  associated  a  particular  standing  wave  pattern 
of  the  electromagnetic  fields,  which  is  identified  by  the  term  "mode." 

In  right  cylinders  (ends  perpendicular  to  axis)  the  modes  fall  naturally 
into  two  groups,  the  transverse  electric  (TE)  and  the  transverse  magnetic 
{TM).  In  the  TE  modes,  the  electric  lines  everywhere  lie  in  planes  per- 
pendicular to  the  cylinder  axis,  and  in  the  TM  modes,  the  magnetic  lines 
so  lie.  Further  identification  of  a  specific  mode  is  accomplished  by  the 
use  of  indices. 

The  MS  Factor 

With  the  cylinder  further  restricted  to  a  loss-free  dielectric  and  a  non- 
magnetic surface,  there  is  associated  with  each  mode  a  value  of  Q  (quality 
factor)^  which  depends  on  the  conductivity  of  the  metallic  surface,  on  the 
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frequency  and  on  the  shape  of  the  cyHnder,  e.g.  whether  it  is  circular  or 
elHptical,  and  whether  it  is  slender  or  stubby.     The  quantity  ^—,  however, 

A 

depends  only  upon  the  mode  and  shape  of  the  cylinder  and  has  been  referred 
to  as  the  mode-shape  {MS)  factor.  In  this  formula,  5  refers  to  skin  depth 
as  customarily  defined^,  and  X  is  wavelength  in  the  dielectric,  as  given  by 

X  =  - ;  both  5  and  X  are  in  meters. 

Fniidanieiital  Formulas 

s 

Expressions  for  standing  wave  patterns  and  Q-  are  given  in  Table  I, 

X 

for  right  rectangular,  circular  and  full  coaxial  cylinders*.  The  table  is 
virtually  self-explanatory,  but  a  few  remarks  on  mode  designation  are 
needed.  The  mode  indices  are  /,  m,  n  following  the  notation  of  Barrow  and 
Mieher.^  In  the  rectangular  prism  they  denote  the  number  of  half-wave- 
lengths along  the  coordinate  axes.  For  the  other  two  cases  they  have  an 
analagous  physical  significance  with  /  related  to  the  angular  coordinate, 
m  to  the  radial  and  n  to  the  axial. 

In  the  elliptical  cylinder,  a  further  index  is  needed  to  distinguish  between 
modes  which  differ  only  in  their  orientation  with  respect  to  the  major  and 
minor  axes;  these  paired  modes  are  termed  even  and  odd,  and  have  slightly 
different  resonant  frequencies.^"  In  the  circular  cylinder  they  have  the 
same  frequency,  a  condition  which  is  referred  to  as  a  degeneracy  (in  this 
case,  double) ;  that  is,  in  the  circular  cylinder,  odd  and  even  modes  are  dis- 
tinguishable only  by  a  difference  in  their  orientation  within  the  cylinder 
with  reference  to  the  origin  of  the  angular  coordinate.  In  Table  I,  the 
field  expressions  are  given  for  the  even  modes;  those  for  the  odd  modes  are 
obtained  by  changing  cos  16  to  sin  Id  and  sin  Id  to  cos  Id  everywhere. 

The  value  of  TV  in  the  table  is  based  on  counting  this  degeneracy  as  a 
single  mode;  counting  even  and  odd  modes  as  distinct  will  nearly  double  the 
value  of  N,  thus  bringing  it  into  agreement  with  the  general  equation  (1). 
The  distinction  between  even  and  odd  modes  is  of  limited  importance  in 
practical  applications,  and  will  not  be  further  mentioned. 

In  Table  I,  the  mks  system  of  units  is  implied.  The  notation  is  in  gen- 
eral accordance  with  that  used  in  prior  developments  of  the  subject.  For 
engineering  applications,  it  is  advantageous  to  reduce  the  results  to  units 
in  ordinary  use  and  to  change  the  notation  wherever  this  leads  to  a  more 
obvious  association  of  ideas.     For  these  reasons,  in  what  follows  attention 

*  The  elliptic  cylinder  (closely  allied  to  the  circular  c\linder  of  which  it  is  a  generaliza- 
tion) is  omitted  as  the  necessary  functions  are  not  widely  known  or  easily  available. 
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is  contined  to  the  circular  cylinder,  with  changes  in  units  and  notation  as 
specified  later. 


0.5  1.0  1.5  2.0  2.5  3.0  3.5  4.0 

Fig.  1 — iSIodc  chart  for  right  circular  c\linder  resonant  cavity. 

The  Mode  Chart 

The  formula  relating  the  resonant  frequency  to  the  mode,  shape  and 
dimensions  of  the  cylinder  is  of  prime  interest.     Tt  may  be  simply  written  as 


{JDf=  A  +  ^"'(f 


(2) 
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where 

/  =  frequency  in  megacycles  per  second. 
D  =  diameter  of  cavity  in  inches. 
L  =  length  of  cavity  in  inches. 
A  =  a.  constant  depending  upon  the  mode.     Values  of  A  are  given  in 

Table  II  for  the  lowest  30  modes.     Values  of  Bessel  function  roots 

are  given  in  Table  III  for  the  first  180  modes. 
B  —  a.  constant  depending  upon  the  velocity  of  electromagnetic  waves 

in  the  dielectric.     For  air  at  25°C  and  60%  relative  humidity, 

B  =  0.34799  X  101 
n  =  third  index  defining  the  mode,  i.e.,  the  number  of  half  wavelengths 

along  the  cylinder  axis. 


Table  II. — Constants  for  Use  in  Computing  the  Resonant  Frequencies  of  Circular  Cvlinders 
B  =  0.34799  X  10^  c  =  1.17981X  lO^"  inches/second 


Mode 

r 

A 

TMOl 

2.40483 

0.81563  X  108 

02 

5 . 52008 

4.2975 

03 

8.65373 

10.5617 

11 

3.83171 

2.0707 

12 

7.01559 

6.9415 

13 

10.17347 

14.5970 

21 

5 .  13562 

3.7197 

22 

8.41724 

9.9923 

31 

6.38016 

5.7410 

32 

9.76102 

13.4374 

41 

7.58834 

8.1212 

51 

8.77148 

10.8511 

61 

9.93611 

13.9238 

TEOl 

3.83171 

2.0707 

02 

7.01559 

6.9415 

03 

10.17347 

14.5970 

11 

1.84118 

0.47810 

12 

5.33144 

4.0088 

13 

8.53632 

10.2770 

21 

3.05424 

1.3156 

22 

6.70613 

6.3426 

23 

9.96947 

14.0175 

31 

4.20119 

2.4893 

32 

8.01524 

9.0606 

41 

5.31755 

3.9879 

42 

9.28240 

12.1520 

51 

6.41562 

5.8050 

61 

7.50127 

7.9359 

71 

8.57784 

10.3772 

81 

9.64742 

13.1265 

Value  of  c  is  for  air  at  25°C.  and  60*^  relative  humidity.     D  and  L  in  inches;  /  in 
megacycles. 
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Formula  (2)  represents  a  family  of  straight  lines,  when  (D/L)-  and  (JDy  are 
used  as  coordinates,  and  leads  directly  to  the  easily  constructed  and  highly 
useful  "Mode  Chart"  of  Fig.  1. 

It  will  be  noted  from  Table  II  that  the  TE  Omn  and  the  TM  \mn  modes 
have  the  same  frequency  of  resonance.  This  is  a  highly  important  case  of 
degeneracy.  In  the  design  of  practical  cavities  it  is  necessary  to  take 
measures  to  eliminate  this  degeneracy,  as  the  TM  mode  (usually  referred 
to  as  the  companion  of  its  associated  TE  mode)  introduces  undesirable 
effects.     This  is  discussed  more  at  length  later. 

Choice  of  Operating  Mode 

8 
Turning  now  to  the  expressions  for  Q~  these  are  seen  to  be  of  a  rather  com- 

A 

plicated  nature.  For  some  of  the  lower  order  modes,  their  values  are 
plotted  in  Figs.  2,  3  and  4.  Examination  of  these  leads  to  the  question  of 
which  mode  has  the  highest  Q  for  a  given  volume.  It  is  desirable  to  keep 
the  volume  a  minimum,  since,  as  shown  by  (1),  the  total  number  of  reso- 
nances is  a  function  of  the  volume.  Analysis  of  the  problem  is  somewhat 
involved,  but  leads  to  the  conclusion  that  operation  in  the  TE  Oln  mode* 
gives  the  smallest  volume  for  an  assigned  Q,  and  also  leads  to  specific  values 
of  n  and  D/L  which  give  this  result.  In  fact,  for  maximum  Q/V  in  the 
TE  Oln  mode, 

(JDf  (~^  =  3.11  X  10«  (3) 

which  permits  easy  plotting  on  a  mode  chart  of  the  locus  of  the  operating 
points  for  best  Q/V  ratio. 

Extraneous  or  Unwanted  Modes 

In  echo  boxes  for  radar  testing,  where  high  Q  is  of  the  utmost  importance, 
the  TE  Qhi  mode  has  been  used.  The  values  of  n  var>'  from  1  at  frequencies 
around  1  kmc  to  50  at  about  25  kmc. 

All  other  modes  are  then  regarded  as  unwanted  or  extraneous.  The  great 
utility  of  the  mode  chart  lies  in  that  it  permits  a  quick  determination  of  the 
most  favorable  operating  area.     We  consider  this  now  in  detail. 

Figure  5  shows  a  portion  of  a  mode  chart.  It  is  clear  that  the  sensible 
way  to  construct  a  tunable  cylinder  is  to  keep  the  diameter  fixed  and  vary 
the  length.     With  fLxed  diameter,  the  coordinates  of  the  mode  chart  are 

/IV 

essentially  p  and  (  y  j   and  it  is  convenient  to  refer  to  them  loosely  as  fre- 

*  Unimportant  exceptions  occur  for  values  of  Q  -  <  1.2. 

A 
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quency  and  length.  With  this  understanding,  if  the  frequency  band  to  be 
covered  by  the  tunable  cavity  extends  from/i  to/2  then  the  length  must  be 
adjustable  from  Li  to  Lo.     Responses  to  frequencies  within  the  band,  but 
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Fig.  2 — Mode-shape  factors  (  (>-  j  as  a  function  of  diameter  to  length  ratio  (  y  I 
cuiar  c\-linder  resonator — T.\I  modes. 


for  cir- 


which  demand  lengths  outside  the  range  Li  to  Li  are  of  little  interest  because 
mechanical  stops  prohibit  other  lengths.  On  the  assumption  that  the  ap- 
plied frequency  will  alw'ays  lie  within  the  operating  band/i  to/2,  responses 
to  frequencies  below /i  or  above /o  are  likewise  of  little  interest.     Therefore, 
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major  consideration  need  be  given  only  to  those  modes  which  lie  within  the 
rectangle  of  which  the  desired  TE  0\n  mode  forms  the  diagonal. 
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Fig.  3— Mode-shape  factors  \Qc\  as  a  function  of  diameter  to  length  ratio  (  y  )  for  cir- 
cular cylinder  resonator  —  TE  modes  with  /  =  0. 

Any  nondiagonal  mode  is  an  extraneous  mode.  Those  which  do  not 
cross  the  desired  mode  within  the  frame  are  called  interfering  modes.  They 
act  to  give  responses  at  more  than  one  tuning  point  when  the  applied  fre- 
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quency  is  held  fixed,  or  alternatively  to  give  responses  at  more  than  one 
frequency  when  the  tuning  is  held  fixed.  In  either  event  they  lead  to 
ambiguity  and  confusion,  and  their  effects  must  be  reduced  to  the  point 
where  this  cannot  occur. 
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Fig.  4 — Mode-shai)e  factors  (  C^t  )  as  a  function  of  diameter  to  length  ratio  (  7- )  for  ci 
cular  c_\linder  resonator  —  TE  modes  with  /  >  0. 


A  si)ecial  tyi)e  of  interfering  mode  is  the  7'£01(/;  +  1)  mode.  In  the 
nature  of  things,  it  is  virtually  impossible  to  suppress  this  mode  without 
likewise  suppressing  the  desired  TE  01;/  mode.     The  width  of  the  operating 
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band  is  thus  strictly  limited,  if  ambiguity  is  to  be  avoided.     This  effect, 
termed  self-interference,  becomes  an  important  factor  as  n  increases,  since 


/2 


(maximum) 


n  +  1 


/i  '  n 

This  maximum  value  cannot  be  realized  because  it  is  incompatible  with  other 
requirements. 


Fig.  5 — Mode  chart  illustrating  meaning  of  crossing  and  interfering  modes  and  of  operating 

area. 

WTien  an  undesired  mode  crosses  the  main  mode  within  the  rectangle  it  is 
called  a  crossing  mode.  Except  in  a  region  close  to  the  crossing  point,  it 
acts  only  to  cause  ambiguity  as  already  discussed.  In  the  immediate  region 
of  the  crossing  point,  however,  the  cavity  is  simultaneously  resonant  in  both 
modes.  Violent  interaction  effects  which  may  seriously  degrade  the  cavity 
Q  frequently  occur  at  such  a  crossing. 

Methods  of  Minimizing  Effects  of  Unwanted  Modes 

A  major  problem  in  the  design  of  a  high  Q  cavity  for  radar  test  purposes, 
in  which  the  Q  and  frequency  range  are  set  by  radar  system  considerations, 
is  to  reduce  the  effects  of  all  the  undesired  modes  without  seriously  degrading 
the  main  TE  01  ;z  mode.  Among  those  to  be  suppressed  is  the  companion 
TM  \\u  mode  which  is  inherently  of  the  same  frequency. 
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Table  III.— Values  of  the  Bessel  Function  Zero  {ri„,)  for  the  First  ISO  Modes  in  a  Circular 

Cylinder  Resonator 


rim 

Mode* 

rim 

Mode* 

rim 

Mode* 

136 

rim 

Mode* 

1 

1.8412 

E 

1-1 

46 

13.0152 

M  3-3 

91 

18.4335 

M  10-2 

22.6716 

E  2-7 

2 

2.4048 

M 

0-1 

47 

13.1704 

E  2-4 

92 

18.6374 

E  6-4 

/137 
\138 

22.7601 

M  1-7 

3 

3.0542 

E 

2-1 

/48 
\49 

13.3237 

M  1-4 

93 

18.7451 

E  12-2 

22.7601 

E  0-7 

6 

3.8317 

M 

1-1 

13.3237 

E  0-4 

94 

18.9000 

M  14-1 

139 

22.9452 

M  8-4 

3.8317 

E 

0-1 

50 

13.3543 

M  9-1 

95 

18.9801 

M  5-4 

140 

23.1158 

M  14-2 

4.2012 

E 

3-1 

51 

13.5893 

M  6-2 

96 

19.0046 

E  9-3 

141 

23.2548 

E  21-1 

7 

5.1356 

M 

2-1 

52 

13.8788 

E  12-1 

97 

19.1045 

E  17-1 

142 

23.2568 

M  18-1 

8 

5.3176 

E 

4-1 

53 

13.9872 

E  5-3 

98 

19.1960 

E  4-5 

143 

23.2643 

E  16-2 

9 

5.3314 

E 

1-2 

54 

14.1155 

E  8-2 

99 

19.4094 

M  3-5 

144 

23.2681 

E  7-5 

10 

5.5201 

M 

0-2 

55 

14.3725 

M  4-3 

100 

19.5129 

E   2-6 

145 

23.2759 

M  11-3 

11 

6.3802 

M 

3-1 

56 

14.4756 

M  10-1 

101 

19.5545 

M  8-3 

146 

23.5861 

M  6-5 

12 

6.4156 

E 

5-1 

57 

14.5858 

E  3-4 

(102 
\103 

19.6159 

M  1-6 

147 

23.7607 

E  10-4 

13 

6.7061 

E 

2-2 

58 

14.7960 

M  2-4 

19.6159 

E  0-6 

148 

23.8036 

E  5-6 

[14 

7.0156 

M 

1-2 

59 

14.8213 

M  7-2 

104 

19.6160 

M  11-2 

149 

23.8194 

E  13-3 

U5 

7.0156 

E 

0-2 

60 

14.8636 

E   1-5 

105 

19.8832 

E  13-2 

150 

24.0190 

M  4-6 

v.  ^ 

16 

7.5013 

E 

6-1 

61 

14.9284 

E  13-1 

106 

19.9419 

E   7-4 

151 

24.1449 

E  3-7 

17 

7.5883 

M 

4-1 

62 

14.9309 

M  0-5 

107 

19.9944 

M  15-1 

152 

24.2339 

M  9-4 

18 

8.0152 

E 

3-2 

63 

15.2682 

E   6-3 

108 

20.1441 

E  18-1 

153 

24.2692 

M  15-2 

19 

8.4172 

M 

2-2 

64 

15.2867 

E   9-2 

109 

20.2230 

E  10-3 

154 

24.2701 

M  2-7 

20 

8.5363 

E 

1-3 

65 

15.5898 

M  11-1 

110 

20.3208 

M  6-4 

155 

24.2894 

E  22-1 

21 

8.5778 

E 

7-1 

66 

15.7002 

M  5-3 

111 

20.5755 

E   5-5 

156 

24.3113 

E   1-8 

22 

8.6537 

M 

0-3 

67 

15.9641 

E   4-4 

112 

20.7899 

M  12-2 

157 

24.3382 

M  19-1 

23 

8.7715 

M 

5-1 

68 

15.9754 

E  14-1 

113 

20.8070 

M  9-3 

158 

24.3525 

M  0-8 

24 

9.2824 

E 

4-2 

69 

16.0378 

M  8-2 

114 

20.8269 

M  4-5 

159 

24.3819 

E  17-2 

25 

9.6474 

E 

8-1 

70 

16.2235 

M  3-4 

115 

20.9725 

E   3-6 

160 

24.4949 

U   12-3 

26 

9.7610 

M 

3-2 

71 

16.3475 

E  2-5 

116 

21.0154 

E  14-2 

161 

24.5872 

E  8-5 

27 

9.9361 

M 

6-1 

72 

16.4479 

E  10-2 

117 

21.0851 

M  16-1 

162 

24.9349 

M  7-5 

28 

9.9695 

E 

2-3 

(73 
\74 

16.4706 

M  1-5 

118 

21.1170 

U     2-6 

163 

25.0020 

E  14-3 

/29 

10.1735 

M 

1-3 

16.4706 

E  0-5 

119 

21.1644 

E   1-7 

164 

25.0085 

E  11-4 

\30 
31 

10.1735 

E 

0-3 

75 

16.5294 

E  7-3 

120 

21.1823 

E  19-1 

165 

25.1839 

E  6-6 

10.5199 

E 

5-2 

76 

16.6982 

M  12-1 

121 

21.2116 

M  0-7 

166 

25.3229 

E  23-1 

32 

10.7114 

E 

9-1 

77 

17.0038 

M  6-3 

122 

21.2291 

E  8-4 

167 

25.4170 

M  16-2 

33 

11.C647 

M 

4-2 

78 

17.0203 

E  15-1 

123 

21.4309 

E  11-3 

168 

25.4171 

M  20-1 

34 

11.0864 

M 

7-1 

79 

17.2412 

M  9-2 

124 

21.6415 

jSI  7-4 

169 

25.4303 

M  5-6 

35 

11.3459 

E 

3-3 

80 

17.3128 

E  5-4 

125 

21.9317 

E   6-5 

170 

25.4956 

E  18-2 

36 

11.6198 

M 

2-3 

81 

17.6003 

E  11-2 

126 

21.9562 

M  13-2 

171 

25.5094 

M  10-4 

37 

11.7060 

E 

1-4 

82 

17.6160 

M  4-4 

127 

22.0470 

M  10-3 

172 

25.5898 

E  4-7 

38 

11.7349 

E 

6-2 

83 

17.7740 

E   8-3 

128 

22.1422 

E  15-2 

173 

25.7051 

M  13-3 

39 

11.7709 

E 

10-1 

84 

17.7887 

E  3-5 

129 

22.1725 

M  17-1 

174 

25.7482 

M  3-7 

40 

11.7915 

M 

0-4 

85 

17.8014 

M  13-1 

130 

22.2178 

M  5-5 

175 

25.8260 

E  2-8 

41 

12.2251 

M 

8-1 

86 

17.9598 

M  2-5 

131 

22.2191 

E  20-1 

lit 

25.8912 

E  9-5 

42 

12.3386 

M 

5-2 

87 

18.0155 

E   1-6 

132 

22.4010 

E  4-6 

fl7? 

25.9037 

M  1-8 

43 

12.6819 

E 

4-3 

88 

18.0633 

E  16-1 

133 

22.5014 

E  9-4 

25.9037 

E  0-8 

44 

12.8265 

E 

11-1 

89 

18.0711 

M  0-6 

134 

22.5827 

I  M    3-6 

17? 

26.1778 

E  15-3 

45 

12.9324 

E 

7-2 

90 

18.2876 

M  7-3 

135 

22.6293 

E  12-3 

18C 

26.2460 

E  12-4 

*  Nomenclature  after  Barrow  &  Mieher,  "Natural  Oscillations  of  Electrical  Cavity  Resonators' 
IRE  Proceedings,  April  1940,  p.  184.  M  modes  take  zeros  of  Ji{x);  E  modes  take  zeros  of  J,{x) 
Number  directly  following  E  or  M  is  /;  number  after  hyphen  is  number  of  root. 

Values  less  than  16.0  are  abridged  from  six-place  values  and  are  believed  to  be  correct;  value 
more  than  16.0  are  abridged  from  five-place  values  and  may  be  in  error  by  one  unit  in  fourth  decima 
place.     5  in  fourth  place  indicates  that  higher  value  is  to  be  used  in  rounding  off  to  fewer  decimals 

One  solution,  of  limited  application,  is  to  choose  an  operating  rectangle 
free  from  extraneous  responses.  An  alternative  solution  is  to  design  the 
cavity  in  a  manner  such  that  the  undesired  responses  are  reduced  or  sup- 


UIGII  Q  RESONANT  CAVITIES  419 

pressed  to  a  point  where  their  presence  does  not  interfere  with  the  normal 
operation  of  the  cavity.  In  this  latter  case,  the  amount  of  suppression  is 
naturally  dependent  upon  the  use  to  which  the  cavity  is  to  be  put,  and  is 
conceivably  different  for  a  high  Q  cavity  used  as  a  frequency  meter,  for 
example,  and  one  used  as  a  selective  filter. 

Experience  has  shown  that  certain  families  of  modes  are  much  more  diffi- 
cult to  suppress  than  others,  and  are  to  be  avoided,  if  at  all  possible.  The 
feasibility  of  doing  this  can  be  determined  by  sliding  the  operating  area 
(a  suitable  opening  in  a  sheet  of  paper)  around  on  a  large  mode  chart  until 
the  most  favorable  operating  region,  consistent  with  other  requirements, 
has  been  found. 

Once  a  suitable  operating  area  has  been  chosen,  the  cavity  diameter  is 
fixed  and  length  and  frequency  scales  added  to  the  mode  chart  make  it  read 
directly  in  quantities  readily  measured. 

Cavity  Couplings 

To  be  useful  the  cavity  must  be  coupled  to  external  circuits.  The  prob- 
lem here  is  to  get  the  correct  coupling  to  the  main  mode  and  as  little  coupling 
as  possible  to  all  others.  Since  the  electric  field  is  zero  everywhere  at  the 
boundary  surface  of  the  cavity  for  the  TE  01 »  mode,  coupling  to  it  must 
be  magnetic.  This  may  be  obtained  either  by  a  loop  at  the  end  of  a  coaxial 
line  or  by  an  orifice  connecting  the  cavity  with  a  wave  guide. 

The  location  for  maximum  coupling  to  the  main  mode  is  on  the  side  of 
the  cavity,  an  odd  number  of  quarter-guide  wavelengths  from  the  end,  or 
on  the  end  about  halfway  (48%)  out  from  the  center  to  the  edge.  Correct 
orientation  of  loop  or  wave  guide  is  achieved  when  the  magnetic  fields  are 
parallel.  This  requires  the  axis  of  the  loop  to  be  parallel  to  the  axis  of  the 
cylinder  for  side  wall  feed  and  to  be  perpendicular  to  the  cylinder  axis  for 
end  feed.     Wave  guide  orientation  is  shown  in  Table  IV. 

The  theory  of  coupling  loops  and  orifices  is  not  at  present  precise  enough 
to  yield  more  than  approximate  dimensions.  Exact  sizes  of  loops  and  holes 
have  therefore  been  obtained  experimentally  for  all  designs. 

On  the  basis  of  rather  severely  limiting  assumptions,"  coupling  formulas 
for  a  round  hole  connecting  a  rectangular  wave  guide  and  a  TE  Oln  cavity 
are  given  in  Table  IV.  The  assumptions  are  that  the  orifice  is  in  a  wall  of 
negligible  thickness,  its  diameter  is  small  compared  to  the  wavelength,  it  is 
not  near  any  surface  discontinuity,  and  that  the  wave  guide  propagates 
only  its  principal  (gravest)  mode  and  is  perfectly  terminated.  In  echo  box 
applications,  this  theory  leads  to  a  computed  diameter  that  is  somewhat 
smaller  than  experiment  shows  to  be  correct. 

The  coupling  to  other  modes  can  be  analyzed,  at  least  qualitatively,  from 
the  field  expressions  of  Table  I.     This  has  been  of  value  in  making  final 
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small  relocations  of  the  coupling  points  to  discriminate  against  a  residual 
undesired  mode. 

Principle  of  Similitude 

One  other  theorem  generally  applicable  to  all  cavities  has  been  useful 
in  design.     It  is  the  principle  of  similitude,  which  maybe  stated  as  follows^-: 

A  reduction  in  all  the  linear  dimensions  of  a  cavity  resonator  by  a 
factor  1/w  (if  accompanied  by  an  increase  in  the  conductivity  of  the 
walls  by  a  factor  m)  will  reduce  the  wavelengths  of  the  modes  by  a 
factor  1/m. 

The  condition  given  in  parentheses  is  necessary  for  strict  validity;  for 
high  Q  cavities,  it  need  not  be  considered. 

Application  of  Theory 

An  illustration  of  an  engineering  application  of  the  basic  information 
just  presented,  is  the  design  of  an  echo  box  test  set  for  use  in  radar  main- 
tenance. 

The  test  set  has  a  number  of  components,  but  only  the  cavity  proper  and 
its  coupUngs  will  be  considered  at  this  time. 

Design  Requirements 

The  basic  design  requirements  of  the  cavity  set  by  the  radar  are:  (1)  the 
working  decrement,  and  (2)  the  tunable  frequency  limits  (/]  and/o).  Service 
use  of  these  test  sets  in  the  3  kmc  and  9  kmc  bands  has  shown  that  a  working 
decrement  of  about  3  db  per  microsecond  gives  satisfactory  results. 

As  seen  in  the  discussion  above,  ()  is  a  more  useful  design  parameter  for 
the  resonant  cavity  than  decrement,  (/.     Hence  the  conversion 

Q  =  '-^^  (4) 

where  d  is  expressed  in  db  per  microsecond,  and  /  is  in  megacycles,  gives  the 
loaded  or  working  Q  to  be  realized. 

Determi)iing  the  Theoretical  Q  Required 

For  design  purposes,  however,  there  are  several  factors  which  dictate  the 
use  of  a  value  for  theoretical  Q  which  is  somewhat  higher  than  the  loaded  () 
just  computed.  The  input  and  output  couplings  reduce  the  theoretical  () 
of  the  cavity  due  to  their  loadings.  The  coupling  factor,  s,  expressed  as  the 
ratio  of  loaded  to  unloaded  Q,  has  values  for  echo  boxes  of  about  0.90  for 
the  input  coupHng  and  from  0.90  to  0.99  for  the  output  coupling.  In  addi- 
tion, other  factors  such  as  the  means  used  for  mode  suppression  may  degrade 
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the  Q.  But,  in  simple  designs,  these  may  be  negligible.  Therefore,  it  is 
expedient  to  design  for  a  theoretical  Q  of  about  15  to  25  per  cent  in  excess  of 
the  working  Q  to  be  realized. 

The  working  Q's  of  a  number  of  echo  box  designs  are  cited  here  to  indicate 
the  order  of  magnitude  required  at  several  frequencies: 

1  kmc  70,000* 

3  40,000 

9  100,000 

25  200,000 

Finding  the  Cavity  Dimensions 

With  the  frequency  and  theoretical  Q  known,  the  dimensions  of  the  cavity 

can  be  evaluated  but  the  formulas  of  Table  I  require  some  simplification  for 

engineering  use. 

5  ... 

The  mode-shape  {MS)  factor,  Q-,may  also  be  termed  its  selectivity  which 

A 

for  the  TE  01  w  modes  may  be  expressed  as  follows: 

13/2 


X 

where: 


[, + .  »(|y.-j 


Q  \  =  0.610  ^ ^Yy  -"  (5) 

1  +  0.168(^)w' 


1       / 
5  =  the  skin  depth  in  cm.  =  t^A/ 


lO^p 

/ 


p  =  the  resistivity  in  ohm-cm. 

The  skin  depth  is  a  factor  which  recognizes  the  dissipation  of  energy  in 
the  walls  and  ends  of  the  cylinder.  With  increase  of  resistivity  of  these 
surfaces  the  currents  penetrate  deeper  and  the  resulting  Q  is  lower. 

A  comparison  of  the  relative  Q's  computed  from  the  resistivity  of  several 
metals  will  show  the  importance  of  this  factor: 


Silver 

1.03 

Copper 

1.00 

Gold 

0.84 

Aluminum 

0.78 

Brass 

0.48 

Therefore,  a  brass  cavity  will  have  about  one-half  of  the  Q  that  a  similar 
cavity  would  have  if  made  of  copper.  Similarly,  the  silverplating  of  a  copper 
cavity  will  gain  about  3  per  cent  in  Q. 

Equation  5  may  be  made  more  convenient  for  calculations  by  combining 

*  This  value  reflects  the  higher  Q  required  on  ground  radars. 
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terms  which  are  a  function  of  frequency  and  by  assuming  the  conductivity 
of  copper*  for  the  cylinder  walls.     It  then  becomes 

13/2 


[.  + 0.168  (Ipj 


e^  =  2.77- ^^.^  (6) 

^  1  +  0.168 

for  TE  01  n  modes;/  is  in  megacycles. 

Thus,  it  is  seen  that  for  the  design  parameters  Q  and/,  selected  values  of  n 
now  define  tentative  useful  points  on  the  mode  chart  in  terms  of  D/L  and  n. 

Selection  of  Operating  Area  on  Mode  Chart 

This  will  be  more  evident  upon  examination  of  Fig.  6,  which  is  a  basic 
design  chart  for  cylindrical  cavity  resonators  using  TE  Oln  modes.  The 
coordinates  of  (fDY  and  {D/Ly  will  be  recognized  from  the  previous  dis- 
cussion of  the  mode  chart  (Fig.  1)  although  in  this  case  the  range  has  been 
expanded  by  the  use  of  logarithmic  coordinates.  Mode  identification  is 
obtained  from  equation  2;  which,  for  TE  Ohi  modes  becomes 

(fDY  X  10-8  =  2.0707  +  0.3480  n^  {D/iy  (7) 

with  D  and  L  in  inches  and  /  in  megacycles. 

A  family  of  TE  Olw  modes  has  been  drawn  on  the  chart  for  selected  values 

Q 
of  n.     To  aid  in  designing  for  minimum  volume  a  line  labelled  Max.  „  has 

been  added  (Equation  3).  Lines  of  constant  Q^yf  are  also  shown  as  a 
series  of  dashed  lines. 

A  tentative  operating  area  on  this  chart  may  be  selected  on  the  basis  of 
the  required  Q\/f.  Using  mid-frequency  for/,  the  intersection  of  the  Qy/f 
line  and  the  minimum  volume  line  will  define  the  operating  mode,  n,  and 
also  locate  the  center  of  the  operating  rectangle. 

An  enlarged  plot  of  this  area  as  in  Fig.  7  will  show  all  modes  possible  in 
the  cavity.  Some  adjustment  of  the  precise  location  of  this  area  may  then 
be  desirable  to  eliminate  certain  types  or  numbers  of  unwanted  modes.  For 
example,  it  is  extremely  difficult  to  suppress  TE  02  modes  without  affecting 
the  TE  01  mode,  because  of  the  very  close  resemblance  of  the  field  configura- 
tions.    On  the  other  hand,  most  TM  modes  are  easy  to  handle. 

It  may  be  possible  to  select  an  operating  area  such  as  the  rectangle  blocked 
out  in  Fig.  1  in  which  all  extraneous  responses  (with  the  exception  of  the 
companion  TM  HI)  are  avoided.  The  largest  rectangle  which  can  be 
inscribed  here  is  limited  by  the  TE  311  and  TE  112  modes.     This  will 

*  p  =  1.7241  X  10"^  ohm-cni— the  International  Standard  value  for  copper. 
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permit  a  ±3.6  per  cent  frequency  range.     Several  designs  of  3  kmc  echo 
boxes  have  been  based  on  this  area. 


Fig.  6 — Design  chart  for  cylindrical  cavity  resonators  operating  in  the  TE  Gin  modes. 


Fig.  7 — Exjianded  mode  chart  covering  the  operating  area  of  a  9  kmc  echo  box. 

This  type  of  solution  is  quite  adequate  for  many  of  the  simpler  designs; 
but  as  the  required  Q  becomes  larger  or  the  frequency  coverage  becomes 
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greater  it  is  generally  not  possible  to  locate  such  areas.  An  operating  area 
for  9  kmc  is  shown  on  Fig.  7.  Nine  crossing  modes  and  twelve  interfering 
modes  exist.  For  25  kmc  the  crossing  modes  run  into  the  forties  with 
hundreds  of  interfering  modes. 

Suppression  of  the  undesired  modes  requires  a  thorough  knowledge  of 
their  field  configurations  and  a  number  of  effective  techniques  which  may  be 
applied  on  a  practical  engineering  basis.  Several  examples  are  cited  in  later 
sections. 

Since  decrement  is  an  important  characteristic  of  these  cavities,  espe- 
cially when  applied  to  radar  test  sets,  the  uniformity  of  the  decrement  over 
the  frequency  range  or  "flatness  of  response"  may  be  a  significant  design 
requirement.  It  will  be  seen  from  Fig.  3,  that  the  MS  factor  of  the  wanted 
mode  is  not  constant  with  varying  D/L.  In  fact,  if  it  were,  the  decrement 
would  increase  as  the  3/2  power  of  frequency. 

There  are  at  least  three  attacks  on  this  "flatness"  problem:  (1)  to  operate 
on  the  sloped  portion  of  the  MS  curve  in  such  a  manner  that  its  characteristic 
will  tend  to  be  complementary  to  the  change  with  frequency;  (2)  to  obtain 
compensation  by  varying  the  coupling  with  frequency — generally  accom- 
plished by  selecting  an  appropriate  coupling  point  along  the  side  wall  of 
the  cavity;  and  (3)  to  overplate  a  portion  of  the  cylinder's  interior  surface 
with  a  material  of  higher  resistivity  such  as  cadmium.     For  this  third 

s 

method,  the  formulas  for  Q^  of  Table  I  are  no  longer  applicable  since  they 

A 

assume  a  uniform  resistivity  of  the  cavity  walls. 

Thus,  it  will  be  seen  that  the  final  design  of  a  cavity  resonator  is  a  com- 
promise between  a  number  of  desired  characteristics: 

a)  A  cavity  of  minimum  volume  for  a  given  Q. 

b)  A  cavity  having  a  minimum  of  extraneous  responses  of  types  dithcult 

to  suppress. 

c)  A  cavity  with  compensation  for  flatness  of  decrement. 
Engineering  judgment  is  required  to  weigh  the  emphasis  on  each  of  these 
requirements  which  at  times  may  be  mutually  exclusive. 

Some  Pr.a.ctical  Considerations 

Physically  realizing  the  theoretical  ciiaracteristics  just  described  to  obtain 
a  satisfactory  cavity  brings  forth  a  host  of  practical  design  problems.  A 
number  of  these  will  be  discussed  in  this  section. 

Description  of  Echo  Box  Test  Sets 

The  schematics  (Figs.  8  and  9)  and  photographs  (Figs.  12  to  14)  show  the 
components  and  various  construction  methods  of  echo  boxes  in  the  3  and 
9  yfemc  bands.     The  cavity  itself  may  be  spun,  drawn  or  turned  of  material 
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such  as  brass  or  aluminum  which  will  give  mechanical  stability  without 
excessive  weight.^ 


INPUT 
JACK 


■EGRATING       1/    , 

NDENSER    "ir^]_ 


Fig.  8 — Schematic  of  a  3  hnc  echo  box. 
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BEARING 
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INPUT 
JACK 


Fig.  9 — Schematic  of  a  9  kmc  echo  box. 


The  movable  plate  is  driven  by  the  piston  which  operates  in  a  close-fitting 
bearing.     The  drive  mechanism  translates  the  rotary  motion  of  the  tuning 
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knob  into  linear  motion  of  the  piston  through  a  crank  and  connecting  rod 
assembly.  Coupled  to  the  drive  shaft  is  an  indicating  dial  to  register 
frequency. 

Silverplating  is  indicated  on  all  interior  surfaces  of  the  cavity  for  minimum 
resistance  to  currents  in  the  walls  and  ends  of  the  cylinder. 

For  the  3  kmc  bands,  the  input  coupling  is  in  the  form  of  a  loop  protruding 
into  the  cavity  and  connected  by  coaxial  microwave  cable  to  the  radar  under 


TRANSMITTER 

/ 

T-R 
BOX 

DIRECTIONAL 
COUPLER 

/  , 

\ 

\ 

ECHO 

HtCb 

IVbh 

BOX 

-PEAK   POWER 
IN  ECHO    BOX 


<       Orr  }  TRANSMITTER 


k 


-RINGING  TIME 


■J 


Fig.  10 — Radar  test  with  echo  box. 


test.     For  the  9  kmc  bands,  the  input  coupling  is  an  orifice  with  which  is 
associated  a  wave  guide  to  coaxial  cable  transducer. 

The  output  couplings  for  the  two  frequency  bands  also  diflfer  in  construc- 
tion. For  the  3  kmc  bands,  the  variable  coupling  is  achieved  by  rotating 
the  output  loop  before  an  aperture  in  the  cavity.  In  this  rotary  mount  is 
housed  the  rectifying  crystal  and  by-pass  condenser.  An  orifice  is  used  for 
the  9  kmc  band  output  coupling  which  feeds  a  crystal  mounted  in  a  wave 
guide.     Amplitude  control  is  by  a  vane  attenuator  in  the  wave  guide.     In 
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all  cases  an  integrating  condenser  is  required  to  smooth  out  the  d-c  pulses 
delivered  by  the  crystal  to  give  output  indication  on  the  d-c  microammeter. 


TRANSMITTER 
PULSE 


CLASS    B 
(INTENSITY    MODULATION) 


BACKGROUND 
NOISE 


{INTENSITY     MODULATION) 


AZIMUTH  ■ 

Fig.  11. — -Tj^ical  ringtime  patterns  on  radar  indicators. 

The  cylinder  in  the  9  knic  band  is  an  assembly  of  a  tube  and  two  end 
plates.  One  of  these  is  driven  by  the  piston  as  described  and  the  other  is 
adjustable  for  "leveUing"  i.e.,  parallelism  of  the  two  plates. 

E)id  Plate  Gaps 

The  wanted  TE  mode  is  paired  with  a  companion  unwanted  TM  as  de- 
scribed above.  The  fact  that  the  TM  mode  has  a  Q  substantially  less  than 
that  of  the  TE  makes  the  realization  of  the  higher  Q  difficult.     A  method  is 


Ill  Gil  Q  RESONANT  CAVITIES 


429 


needed  of  suppressing  the  TM  in  the  presence  of  the  TE.     Since  the  resonant 
cavity  is  a  cyHndcr,  of  varialjle  length,  tlie  movable  end  plate  (or  reflector) 


FREQUENCY     INDICATING  DIAL 


'-INTEGRATING   CONDENSER 
Fig.  12 — Type  of  construction  in  a  ^  kmc  echo  box. 


FREQUENCY 
INDICATING  DIAL 


PISTON   ROD 


INPUT   TRANSDUCER- 
Fig.  13 — Type  of  construction  in  a  ^  ktuc  echo  l)ox. 


can  be  moditied  to  include  a  gap  at  its  [periphery.     The  gap  perturbs  the 
resonant  frequencies  of  the  two  modes  by  different  amounts  so  that  they 
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become  separated.  Secondly,  the  peripheral  gap  cuts  through  the  surface 
currents  at  points  of  high  density  for  TM  modes  and  minimum  density  of 
TE  Omn  modes  and  hence  is  a  form  of  mode  suppression.  Thirdly,  the  gap 
greatly  simplifies  the  mechanical  design  of  a  movable  end  plate  by  elimi- 
nating the  need  of  physical  contact  with  the  side  wall  of  the  cylinder. 

A  similar  gap  may  be  used  at  the  other  end.     This  facilitates  "levelling" 
of  a  false  bottom  in  the  cavity. 


Fig.  14 — Panel  view  of  a  9  kinc  echo  box. 

Back  Cavity  Effects 

The  cavity  with  a  peripheral  gap  may  give  rise  to  further  spurious  reso- 
nances in  the  region  behind  the  reflecting  surface  (known  as  the  back  cavity) 
if  these  responses  are  not  damped.  The  addition  of  a  lossy  material  such 
as  bakelite  or  carbon  loaded  neoprene  in  the  back  cavity  is  a  successful  sup- 
pression method. 

Cylinder  Tolerances 

The  geometry  of  the  structure  is  very  important  in  realizing'the  poten- 
tial Q  of  the  cavity.  The  theoretical  computations  are  based  on  a  perfect 
right  circular  cylinder  which  in  practice  is  seldom  achieved.  Distortions 
occur  in  various  forms:  e.g.,  the  cylinder  instead  of  being  round  may  be 
elliptical;  the  ends  may  not  be  perpendicular  to  the  axis  of  the  cyUnder  or 
not  parallel  to  each  other;  surface  irregularities  may  be  present  causing  field 
distortions  within  the  cavity.  Many  of  these  effects  have  been  minimized 
by  requiring  adherence  to  close  dimensional  tolerances. 

For  some  designs,  the  requirement  on  the  paralleUsm  of  the  end  plates  is 
greater  than  can  be  commercially  produced.     An  adjustable  mechanism  for 
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levelling  is  a  practical  solution.  Tilt  adjustments  in  the  order  of  O.C)01  inch 
at  the  edge  of  the  plate  (about  3-inh  diameter)  are  recjuired  in  the  9  kmc 
band.  Experience  in  the  25  kmc  band  shows  evidence  of  the  need  for  even 
liner  control. 

Plating 

In  addition,  adequate  control  of  the  conductivity  of  the  interior  surfaces 
of  the  cavity  is  necessary  to  achieve  a  uniform  manufactured  product.  This 
requires  attention  not  only  to  the  thickness  and  uniformity  of  the  plating 
but  also  to  the  purity  of  the  plating  baths  and  the  avoidance  of  introduc- 
tion of  foreign  matter  during  buffing  processes. 

Cotiplings 

The  t}pe  and  location  of  the  coupling  means  can  be  used  to  discriminate 
between  wanted  and  unwanted  modes.  Hence,  this  is  a  fertile  field  for  mode 
suppression  techniques.  For  example,  since  TM  modes  have  Hz  =  0, 
orifice  coupUng  to  the  main  mode  at  the  side  wall  of  the  types  shown  in 
Table  IV,  cases  lA  and  2A,  will  not  couple  to  any  TM  modes.  Again,  if  end 
coupling  is  used  in  a  cavity  which  will  support  both  the  TE  01  and  TE  02 
modes,  by  locating  this  coupling  at  the  point  where  Hp  =  0  for  the  TE  02 
mode  (about  54%  of  the  way  out  from  the  center),  it  will  not  be  excited  and 
coupling  to  the  TE  01  will  be  only  slightly  below  maximum. 

For  echo  box  test  sets  the  magnitude  of  the  input  coupling  to  the  wanted 
mode  is  a  compromise  between  the  incomplete  buildup  of  the  fields  within 
the  cavity  during  the  charging  interval  and  the  loading  of  the  cavity  Q  on 
discharge.  This  is  carried  on  by  varying  the  coupling  and  observing  the 
"ringtime"  (the  echo  box  indication  on  the  radar  scope).  Optimum  coupling 
is  achieved  when  ringtime  is  made  a  maximum. 

Output  couplings  for  echo  boxes  are  made  so  that  just  enough  energy  is 
withdrawn  from  the  cavity  to  give  an  adequate  meter  reading. 

Drive  Mechanism 

The  objective  of  the  design  of  the  tuning  mechanism  is  to  provide  a 
smooth,  fine  control  with  a  minimum  of  backlash.  An  illustration  of  the 
mechanical  perfection  required  can  be  cited  in  a  9  kmc  band  design  where 
J  inch  of  tra^'el  covered  200  megacycles  in  frequency.  Hence,  for  frequency 
settings  to  be  reproducible  to  within  j  mc  the  mechanical  backlash  of  the 
moving  parts  had  to  be  held  to  about  0.0003  inches  or  0.3  mil.  To  realize 
this  in  commercial  manufacture  and  to  maintain  it  after  adverse  operating 
conditions  such  as  vibration  and  shock  was  a  major  mechanical  design 
problem. 

In  the  design  of  this  drive  mechanism  it  should  be  recognized  that  equal 
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increments  of  cavity  length  will  not  produce  uniform  increments  in  fre- 
quency.    The  mode  chart  indicates  graphically  that  a  straight-line  relation- 

/iV 

ship  exists  between  {/Y  and  (  y  )  •     Uniformly  spaced  markings  on  a  dial 

reading  directly  in  frequency  can  be  realized  by  the  use  of  such  mechanisms 
as  an  eccentric  operating  on  a  limited  arc.  Adjustments  are  customarily 
provided  to  bring  the  cavity  resonance  and  dial  indication  into  agreement  at 
some  frequency  of  test.  Frequency  departures  of  the  drive  mechanism 
referred  to  this  point  are  held  commercially  to  about  one  part  in  5000. 

A  pplication  of  Similitude 

Echo  box  developments  have  often  been  undertaken  at  frequencies  where 
adequate  test  equipment  was  not  available.  This  has  been  especially  true 
as  the  radar  art  progressed  to  higher  and  higher  frequencies. 

The  principle  of  similitude  has  been  utilized  in  the  construction  and  test 
of  models  at  the  frequency  of  existing  test  facilities.  The  models  have  then 
been  scaled  to  the  assigned  frequency  band.  This  has  been  found  to  be  a 
very  practical  expedient. 

Use  of  Cavities  For  Radar  Testing 

The  high  Q  resonant  cavity  when  appropriately  connected  to  a  radar  sys- 
tem returns  to  it  a  signal  which  may  be  used  to  judge  the  over-all  perform- 
ance of  the  radar.  Its  operation  is  as  follows:  During  the  transmitted  pulse, 
microwave  energy  from  the  radar  is  stored  in  the  cavity  in  the  electromag- 
netic field.  The  charge  of  the  cavity  increases  exponentially  during  this 
interval  but  fails  to  reach  saturation  for  the  cavity  by  a  substantial  margin 
because  the  pulse  is  too  short.  At  the  end  of  the  pulse,  the  decay  of  this 
field  supplies  a  signal  of  the  same  frequency  as  that  of  the  radar  transmitter 
(when  the  echo  box  is  in  tune)  which  is  returned  to  the  radar  receiver  as  a 
continuous  signal  diminishing  exponentially  in  amplitude. 

The  time  interval  betw^een  the  end  of  the  transmitted  pulse  and  the  point 
where  the  signal  on  the  radar  disappears  into  the  background  noise  is  the 
"ringtime."  The  term  is  used  somewhat  loosely  since,  in  actual  practice, 
the  ringtime  is  measured  on  indicators  whose  range  markings  are  generally 
in  miles  or  yards  referred  to  the  beginning  rather  than  the  end  of  the  pulse. 
The  difference,  of  course,  is  small.  It  is  customary  to  include  the  pulse 
length  in  all  ringtime  figures  on  operating  radar  systems.  Typical  ringtime 
patterns  on  radar  indicators  and  a  schematic  of  a  radar  test  with  an  echo 
box  are  shown  in  Figs.  10  and  11. 

As  the  output  power  of  the  radar  either  increases  or  decreases  correspond- 
ing changes  in  the  "charge"  of  the  cavity  will  be  reflected  directly  in  ring- 
time  changes.     Similarly  as  the  noise  level  of  the  radar  receiver  varies  the 
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merging  point  of  the  cavity  signal  and  the  noise  will  show  proportional 
changes  in  ringtime.  Ifencc,  the  ringtime  indication  measures  these  two 
factors  on  which  the  radar's  ability  to  discern  real  targets  so  largely  depends. 
The  exponential  buildup  and  decay  of  the  charge  in  the  cavity  occur  at  a 
rate  determined  by  the  working  decrement  of  the  cavity.  As  mentioned 
previously,  a  decrement  of  about  3  db  per  microsecond  is  a  satisfactory  value 
for  the  3  kmc  and  9  kmc  bantls.  A  one  microsecond  change  in  ringtime 
(roughly  one-tenth  mile)  would,  therefore,  represent  a  change  in  system 
performance  of  3  db. 

I'nijormiiy  Control  and  Expected  Ringtime 

By  introducing  an  adjustment  for  the  working  Q  of  the  cavities  it  is  now 
possible  to  control  the  uniformity  of  the  manufactured  product  to  very 
close  limits.  Other  improvements  have  also  been  incorporated  which  insure 
that  boxes  which  have  been  made  alike  as  to  Q  will  similarly  give  uniform 
ringtime  indications  on  a  test  radar.  If  the  test  sets  are  all  alike  as  to  ring- 
time,  it  is  then  possible  to  quote  an  "expected  ringtime"  for  each  of  the 
various  radars  to  be  serviced  by  the  echo  box.  Initially  a  measuring  tool 
indicating  relative  changes  in  day  to  day  operation  of  the  radars,  the  uni- 
formity provision  with  its  "expected  ringtime"  has  made  the  echo  box  test 
set  an  absolute  measuring  instrument  of  moderate  precision. 

Other  Uses 

In  addition  to  its  use  as  a  measure  of  over-all  performance  of  a  radar,  a 
significant  number  of  diagnostic  tests  may  be  performed  when  trouble  de- 
velops, which  aid  in  rapidly  locating  the  source.  One  such  test  is  spectrum 
analysis.  The  extreme  selectivity  of  the  high  Q  cavity  permits  examination 
of  the  spectrum  of  the  pulsed  wave  and  from  this  may  be  deduced  charac- 
teristics of  the  pulse,  including  pulse  length.  Multiple-moding  of  the 
magnetron  circuit  is  easily  shown  by  this  analysis. 

The  meter  of  the  test  set  gives  a  relative  indication  of  the  output  power  of 
the  radar  and  this  in  itself  assists  greatly  in  segregating  transmitter  troubles 
from  receiver  troubles. 

Also  of  importance  is  the  use  of  the  echo  box  as  a  frequency  meter.  The 
high  Q  of  the  cavity  plus  the  fine  control  of  the  drive  mechanism  and  the 
direct  reading  dial  give  excellent  results  (comparable  to  that  of  a  wave- 
meter). 
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Techniques  and  Facilities  for  Microwave  Radar  Testing* 

By  E.  I.  GREEN,  H.  J.  FISHER,  J.  G.  FERGUSON 

Methods  and  devices  are  described  for  testing  microwave  radars  in  the  radio 
frequency  range  from  about  500  mc  to  25,000  mc,  and  at  associated  video  fre- 
quencies. In  general,  the  same  instruments  and  techniques  are  applicable  also  in 
testing  microwave  communication  systems. 

Introduction 

'  I  '*HAT  radars  are  marvels  of  ingenuity  has  long  since  become  common 
-*■  knowledge.  This  ingenuity  is  reflected,  however,  in  complexity  of 
circuits.  A  rough  index  of  this  is  found  in  the  number  of  vacuum  tubes, 
which  for  a  single  radar  may  range  from  50  to  250.  Notwithstanding  the 
most  careful  design,  it  is  easy  for  the  radar  performance  to  become  impaired 
under  operating  conditions. 

Not  only  is  radar  complex,  but  its  performance  criteria  are  less  tangible 
than  those  of  conventional  communication  systems.  Ordinary  radio  is  to 
some  extent  self-testing  in  that  reception  of  intelligible  speech  or  signals 
frequently  constitutes  a  sufficient  check  of  satisfactory  performance.  With 
radar,  the  greater  the  range  coverage  and  the  more  accurate  the  data,  the 
more  valuable  the  information  is  likely  to  be.  However,  the  working  range 
may  fall  to  a  fraction  of  the  possible  maximum  or  some  other  degradation 
or  malfunctioning  may  occur,  with  nothing  in  the  operation  of  the  radar  to 
tell  that  this  has  happened.  Since  lack  of  maximum  performance  may  have 
serious  military  results,  measurement  of  performance  assumes  the  utmost 
importance  in  radar  work. 

The  new  techniques  and  new  frequency  ranges  employed  for  radar  ne- 
cessitated the  wartime  development  of  a  wide  variety  of  new  types  of  test 
equipment.  A  large  part  of  this  development  work  was  concentrated  at 
Bell  Laboratories  and  at  the  N.D.R.C.'s  Radiation  Laboratory  at  M.I.T., 
working  in  close  coordination  with  one  another  and  with  the  technical 
services  of  the  Army  and  Navy.  In  the  manufacture  of  radar  test  equip- 
ment, Western  Electric  took  a  major  part.  This  article  discusses  the  tech- 
niques of  radar  testing  and  describes  the  types  of  test  gear  developed  by 
Bell  Laboratories  and  manufactured  by  Western  Electric.  These  cover 
the  radio  frequency  range  from  about  500  megacycles  to  25,000  megacycles, 
together  with  associated  video  frequencies. 

Because  of  its  importance  during  the  war,  emphasis  has  been  placed  on 

*  Presented  at  A.I.E.E.  Winter  Convention,  New  York,  N.  Y.,  January  21-25,  1946. 
Published  by  Elec'l.  Engg.,  Trans.  Sec,  May  1946. 

435 


436  BELL  SYSTEM  TECHMCAL  JOURNAL 

the  testing  of  microwave  radars.  However,  similar  methods  and  instru- 
ments have  also  been  employed  in  the  testing  of  microwave  communication 
systems  and  such  applications  can  be  expected  to  increase.  In  this  situation 
the  developers  and  users  of  microwave  communication  systems  are  fortunate 
in  that  almost  all  of  the  techniques  and  devices  developed  for  radar  testing 
are  equally  applicable  to  communication  systems.  This  is  even  true  of  the 
video  units,  which  are  useful  in  connection  with  pulse  modulated  telephone 
systems  and  AM  or  FM  television  systems. 

So  many  persons,  both  within  and  outside  Bell  Laboratories,  have  con- 
tributed to  the  developments  described  that  the  authors  have  reluctantly 
reached  the  conclusion  that  the  assignment  of  individual  credit  should  not 
be  attempted. 

Requirements 
Operation  of  Typical  Radar 

Subsequent  discussion  m.ay  be  simplified  by  first  reviewing  briefly  the 
operation  of  a  somewhat  typical  radar,  as  shown  in  Fig.  1.  Under  the  con- 
trol of  d.c.  or  so-called  video  pulses  from  the  miodulator,  short  pulses  of  radio 
frequency  energy  are  delivered  by  the  magnetron  transmitter  to  a  highly 
directive  antenna,  ordinarily  arranged  to  scan  a  section  of  space.  Energ>- 
reflected  from  an  object  or  "target"  in  the  path  of  the  beam  is  intercepted 
by  the  same  antenna.  The  received  pulses  or  echoes  are  converted  to  an 
intermediate  frequency  by  heterodyning  against  a  local  oscillator,  the 
frequency  of  which  may  be  automatically  controlled. 

To  enable  the  same  antenna  to  serve  for  both  transmitting  and  receiving, 
a  TR  tube  or  transmit-receive  switch  is  usually  provided.  This  consists 
of  a  partially  evacuated  resonant  cavity  containing  a  spark  gap  which  breaks 
down  during  the  transmitted  pulse,  thus  preventing  the  transmitted  power 
from  injuring  the  sensitive  receiver.  An  RT  tube,  consisting  of  a  sunilar 
resonant  cavity  and  spark  gap,  may  be  provided  to  prevent  absorption  of 
the  received  signal  by  the  transmitter.  After  amplification  and  detection 
of  the  received  signal,  the  resultant  video  pulses  are  applied  to  an  indicator 
which  may  present  information  in  any  of  several  different  ways.  Cus- 
tomarily the  direction  of  the  target  (determined  by  antenna  orientation) 
and  its  range  (determined  by  reflection  interval,  10.7  microseconds  per  mile) 
are  shown.  The  system  may  be  used  merely  for  searching,  or  for  fire  con- 
trol, bomb  direction,  or  other  functions,  with  additional  equipment  as  re- 
quired. 

Types  of  Tests  and  Test  Sets 

Figure  2  shows  an  early  assemblage  of  radar  test  equipment  for  the  10 
cm  range,  initially  produced  in  1942,  which  has  seen  wide  usage. 
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The  more  important  types  of  tests  required  in  radar  work,  either  at  radar 
operating  locations  or  at  centralized  service  points,  are:  (1)  Over-all  Per- 
formance (Range  Capability),  (2)  Transmitter  Power,  (3)  Receiver  Sensi- 
tivity, (4)  Transmitter  Frequency,  (5)  Transmitter  Spectrum,  (6)  Standing 
Wave  Ratio,  (7)  R.  F.  Fnvelope,  (8)  Receiver  Recovery,  (9)  AFC  Tracking, 
(10)  I.F.  Alignment,  (11)  Video  Wave  Shapes,  (12)  Range  Calibration  and 
(13)  Computer  Calibration. 

The  principal  types  of  test  sets  required  for  carrying  out  the  above  are: 
(1)  Signal  Generators,  (2)  Echo  Boxes,  (3)  Frequency  and  Power  Meters 
(separate  or  combined),  (4)  Standing  Wave  Meters,  (5)  R.F.  Loads,  (6) 
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Fig.  1 — Diagram  of  typical  radar. 

Oscilloscopes,  (7)  Video  Dividers  and  Loads,  (8)  Range  Calibrators,  (9) 
Computer  Test  Sets  and  (10)  Spectrum  Analyzers.  Various  auxiliary  test- 
ing instruments  are  also  employed,  including  vacuum  tube  testers,  I.F. 
signal  generators,  audio  oscillators,  flux  meters,  etc.  Before  discussing  the 
above  tests  and  devices  individually,  some  of  the  requirements  for  radar 
test  equipment,  especially  those  resulting  from  military  usage,  will  be 
summarized. 

Generality  of  Application 

Radars  perform  a  great  variety  of  functions,  including  search  and  sur- 
veillance, gun  laying  and  fire  control,  bomb  direction,  and  navigation.  They 
are  used  in  the  air,  on  shipboard,  and  on  the  ground,  in  attack  and  in  de- 
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fense,  in  combat  zones  and  in  rear  areas.  To  realize  the  advantages  of 
different  parts  of  the  frequency  spectrum,  avoid  interference,  and  keep 
ahead  of  enemy  countermeasures,  it  has  been  necessary  for  radar  to  exploit 
many  different  frequency  bands  and  sub-bands.     These  diversities  have 


Fig.  2— Early  radar  test  set  for  3000  mc  range— includes  signal  generator,  oscilloscope, 
power  meter,  test  antenna  and  auxiliary  units. 

bred  a  multiplicity  of  types  of  radar,  with  a  corresponding  variety  of  testing 
problems  and  requirements. 

Maintenance  and  testing  of  radars  must  be  performed  at  many  different 
locations.  In  the  Army  these  locations,  known  as  echelons,  include  (a) 
the  operating  unit,  (b)  central  service  points,  either  fixed  or  mobile,  for  a 
number  of  operating  units,  and  (c)  large  depots  either  in  the  military  theatres 
or  in  the  United  States.  Na\y  maintenance  and  testing  are  carried  out  on 
board  the  fighting  ships  or  auxiliaries,  and  at  advance  and  overhaul  bases. 
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In  developing  test  equipment,  an  offhand  approach  might  have  been  to 
provide  speciaUzed  equipment  for  testing  each  radar  under  specific  condi- 
tions. Since  this  would  have  made  the  total  burden  of  development,  manu- 
facture and  field  maintenance  well  nigh  intolerable,  a  coordinated  plan  was 
followed  whereby  (with  minor  exceptions)  each  test  set  was  made  capable 
of  widespread  application  in  testing  as  many  radars  under  as  varied  condi- 
tions as  possible. 

Broadbanding 

Generality  of  application  required  the  designing  of  test  equipment  for 
broad  frequency  bands,  bands  as  a  rule  much  wider  than  those  of  the  radars 
themselves.  It  was  necessary,  therefore,  not  only  to  develop  new  micro- 
wave testing  techniques,  but  to  advance  the  art  still  further  to  render  the 
testing  components  as  far  as  possible  insensitive  to  frequency. 

Precision 

A  radar  itself  is  an  instrument  of  considerable  precision.  The  test  equip- 
ment used  for  checking  the  radar  performance  in  the  field  has  to  have  still 
higher  accuracy.  It  is  noteworthy  that  the  measuring  accuracy  realized 
throughout  the  microwave  range  is  comparable  with  that  obtainable  at 
lower  frequencies  where  many  years  of  background  exist. 

Packaging — Size  and  Weight 

Light  weight  and  compactness  are  of  paramount  unportance  where  a 
test  set  has  to  be  carried  any  distance  by  the  maintenance  man,  where  it 
is  used  in  cramped  quarters  in  a  plane,  truck  or  submarine,  or  where  it  has 
to  be  taken  up  ship  ladders  or  through  small  hatchways.  To  permit  portable 
use  under  such  conditions,  the  design  objective  was  established  of  a  weight 
not  exceeding  about  30  lbs.  (exclusive  of  transit  case),  combined  with  a  rug- 
gedness  adequate  for  all  conditions  of  use.  Through  rigorous  attention  to 
both  mechanical  and  electrical  design,  this  objective  has  been  realized  (in 
many  cases  with  considerable  margin)  except  for  a  few  sets  intended  prima- 
rily for  bench  use.  Figure  3  illustrates  the  use  of  lightweight  test  equipment 
in  maintaining  airborne  radars. 

Environmental  Influences 

Military  usage  requires  that  the  test  equipment  be  capable  of  efficient 
operation  at  any  ambient  temperature  between  a  minimum  of  the  order  of 
-40°  to  -55°  C  and  a  maximum  of  the  order  of  +65°  to  +70°  C,  as  well 
as  at  any  relative  humidity  up  to  95%.  In  addition  the  set  must  withstand 
continued  exposure  to  driving  rain,  dust  storms  and  all  other  conditions  en- 
countered in  tropical,  desert  or  arctic  climates.     Often  the  test  set  in  its 
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transit  case  must  be  capable  of  submergence  under  water  without  ill  effects. 
Fungus-proofing  with  a  fungicidal  lacquer  is  a  standard  requirement. 

Simplicity,  Reliability,  Accessibility 

Not  only  must  the  functioning  of  the  test  set  be  reliable,  stable  and  trou- 
ble-free, but  the  set  must  make  minimum  demands  for  special  skill  or  tech- 


Fig.  3 — Portable  units  used  in  checking  airhoriu'  radars  al  Hnca  Raton,  Fla. 

nique  on  the  part  of  the  maintenance  man.  Access  for  maintenance  pur- 
poses, while  important  in  radar  test  sets,  is  not  as  controlling  as  in  the  radars 
themselves  and  sometimes  has  to  be  sacrificed  in  part  for  compactness. 

Ruggedness 

For  general  application,  the  test  equipm.ent  must  be  capable  of  with- 
standing airplane  vibration,  the  shock  of  hea\y  guns,  depth  charges  and 
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near  misses,  and  the  combinations  of  shock  and  vibration  connoted  by  the 
requirement  of  "transportation  over  all  types  of  terrain  in  any  Army  vehi- 
cle." Test  and  experience  have  made  it  possible  to  translate  these  general 
requirements  into  two  specific  requirements,  namely  the  ability  to  withstand 
(1)  vibration  at  frequencies  from  10  to  v^3  cycles  per  second  with  yg"  excur- 
sion for  30  minutes  in  each  of  three  axes  and  (2)  the  shock  produced  by  a  400 
lb.  hammer  falling  through  distances  of  1,  2  and  3  ft.  in  each  of  three  axes, 
and  striking  an  anvil  to  which  the  set  is  attached.  These  requirements 
have  been  met  without  using  shock  and  vibration  mounts,  which  are  unde- 
sirable in  test  sets  because  they  increase  size  and  weight. 

Range  Capability 

The  range  capability  of  a  radar,  like  that  of  any  radio  system,  depends 
upon  three  things;  the  transmitted  power,  the  loss  in  the  medium,  and  the 
minimum  perceptible  received  signal.  Two  of  these  can  be  combined  by 
taking  the  ratio  of  the  radiated  signal  to  the  minimum  perceptible  received 
signal.  This  ratio,  ordinarily  expressed  as  a  level  difference  in  db,  is  vari- 
ously termed  the  "system  performance,"  "over-all  performance"  or  merely 
the  "level  difference."  It  may  be  determined  by  separate  measurement  of 
transmitter  power  and  receiver  sensitivity,  or  by  a  single  overall  measure- 
ment. With  the  powers  and  sensitivities  commonly  employed  in  radar, 
the  level  difference  is  of  the  order  of  150  to  180  db. 

The  actual  range  that  can  be  spanned  for  a  given  performance  ratio  varies 
considerably.  For  a  given  transmitted  power,  the  echo  power  received  by 
a  radar  theoretically  varies  inversely  as  the  fourth  power  of  the  range.  The 
reason  for  this  is  simple.  In  free  space  the  power  intercepted  by  a  target 
which  is  small  in  comparison  with  the  area  of  the  radar  beam  in  its  vicinity 
will  var>^  according  to  the  inverse  square  of  the  distance  from  the  radar. 
Similarly,  that  fraction  of  the  energy  reflected  from  the  target  which  is 
intercepted  by  the  receiving  antenna  will  var>-  as  the  inverse  square  law. 
Since  the  received  power  involves  the  product  of  these  two  factors,  the  rela- 
tion becomes: 

P,  =  x|;,      or,     R-{K^y  (1) 

where  Pi  and  Pr  represent,  respectively,  the  transmitted  and  received  power, 
R  the  range  and  K  a  constant  determined  by  antenna  design,  character  of 
target,  etc. 

Under  operating  conditions  considerable  departure  from  the  ahovQ  rela- 
tionship m.ay  be  experienced,  due  to  such  factors  as  (1)  the  curvature  of  the 
earth,  (2)  interference  between  the  direct  beam  and  single  or  multiple  re- 
flections, and  (3)  attenuation  due  to  atmospheric  absorption.     Except  under 
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conditions  of  severe  attenuation  such  as  may  occur  at  the  very  short  wave- 
lengths, the  received  power  commonly  varies  somewhere  between  the  inverse 
fourth  power  and  the  inverse  16th  power  of  distance.  To  state  it  another 
way,  the  change  in  effective  range  is  somewhere  between  the  fourth  and 
the  sixteenth  root  of  the  change  in  system  performance.    The  former  condi- 
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Fig.  4 — Effect  of  reduction  in  system  performance  on  radar  range. 

tion  might  hold  for  high  angle  plane-to-ship  search  in  clear  weather,  the 
latter  for  ship-to-ship  search  in  fog.  The  loss  of  range  resulting  from  a  given 
degradation  of  system  performance  is  shown  for  4th,  8th  and  16th  root  laws 
by  the  curves  of  Fig.  4.  Whatever  the  propagation  law,  reduction  in  per- 
formance always  means  loss  of  range. 

Field  sur\^eys  have  shown  that  when  test  equipment  is  not  available  or 
not  used,  radars  in  the  field  are  likely  to  give  no  more  than  ^  to  j  of  the 
maximum  range  of  which  they  are  capable.     Hence  it  is  necessary  to  know 


MICROWAVE  RADAR  TESTING  443 

with  good  accuracy  the  over-all  performance.  Known,  or  so-called  stand- 
ard, targets  have  often  been  used  in  the  field  for  checking  performance. 
Because  of  wide  variations  in  transmission  due  to  many  factors,  results 
obtained  from  such  targets  are  frequently  misleading. 

SiGNTAL  Generators 

Signal  generators  for  radar  work  deliver  one  or  more  different  types  of 
test  signals,  which  may  serve  a  variety  of  functions.  More  important  among 
these  functions  are  tuning  or  alignment  of  the  radar  components  (TR  and 
RT  boxes,  converter,  beat  oscillator,  AFC,  etc.),  measurement  of  receiver 
sensitivity,  checking  TR  and  receiver  recovery,  measurement  of  loss,  detec- 
tion of  frequency  pulling,  check  of  AFC  following,  measurement  of  IF  band- 
width, check  of  automatic  range  tracking,  measurement  of  standing  wave 
ratio  and  check  of  video  "gating"  circuits.  Many  signal  generators  include 
means  for  measuring  the  power  and  frequency  of  the  test  signal,  and  also  of 
an  incoming  signal. 

Types  of  Signals 

The  test  signals  delivered  by  a  signal  generator  may  be  CW,  pulsed,  or 
frequency-modulated.  Occasionally  square  wave  or  sine  wave  modulation 
is  provided. 

Pulsed  signal  generators  deliver  a  succession  of  single  RF  pulses  or  pulse 
trains,  either  of  these  generally  synchronous  with  the  pulses  of  the  radar 
under  test.  Multivibrator  or  trigger  techniques^  are  used  to  generate  the 
pulses  for  modulating  the  microwave  generator.  The  trigger  pulse  for 
synchronizing  the  pulsing  circuits  is  commonly  produced  by  rectifying  RF 
pulses  from  the  radar  transmitter,  thus  avoiding  a  separate  video  connection 
to  the  radar.  To  avoid  possible  difficulties  in  video  response,  the  RF  test 
pulses  should  be  of  comparable  width  to  those  of  the  radar  under  test.  For 
observing  the  test  signals,  either  the  radar  indicator  or  an  auxiliary  oscillo- 
scope may  be  used.  With  the  single  pulse  method,  provision  is  usually 
made  for  var}dng  the  delay  of  the  test  pulse  with  respect  to  the  radar  pulse. 
The  width  of  the  test  pulse  may  also  be  adjustable  or  variable. 

If  the  frequency  of  the  signal  generator  is  swept  over  a  sufficiently  wide 
frequency  band,  the  IF  output  of  the  radar  traces  the  curve  of  IF  selectivity, 
thus  producing  a  kind  of  pulse.  With  a  suitable  rate  of  frequency  sweep, 
this  pulse  becomes  comparable  in  width  to  the  transmitter  pulse,  and  when 
synchronized  with  the  radar  it  can  be  used  for  test  purposes.  Since  the 
pulse  is  produced  in  the  radar,  comparison  of  the  shapes  of  receiver  input 
and  output  pulses  is  not  possible.  The  nominal  duration  of  the  pulse  in 
the  IF  output  is 

T  =  B/y  (2) 
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where  B  is  the  width  of  IF  band  in  cycles  per  second  (for  this  purpose  con- 
veniently measured  between  6  db  points)  and  y  is  the  speed  of  frequency 
sweep  in  cycles  per  second  per  second.  For  best  results  this  nominal  width 
should  be  similar  to  the  width  of  transmitter  pulse  for  which  the  IF  and 
video  circuits  are  designed.  This  means  that  the  scanning  speed  should  be 
in  the  neighborhood  of  B^/2. 

A  CW  input  of  the  same  frequency  as  the  transmitter  produces  in  the 
output  of  the  IF  detector  merely  a  direct  current  to  which  the  video  amplifier 
and  radar  indicator  do  not  respond.  However,  CW  test  signals  may  be 
utilized  by  observing  on  a  d.c.  meter  (built  into  the  radar  or  separate)  the 
change  produced  in  detector  current  or  converter  current. 

Receiver  Sensitivity 

Just  as  in  radio,  the  sensitivity  of  a  radar  receiver  is  defined  as  the  mini- 
mum received  signal  that  is  perceptible  in  the  presence  of  set  noise.*  At 
microwave  frequencies  atmospheric  disturbances  are  usually  negligible,  so 
that  unless  accidental  or  deliberate  interfering  signals  are  present,  the 
operating  sensitivity  is  the  same  as  the  intrinsic  sensitivity  of  the  receiver. 

Receiver  sensitivity  is  commonly  stated  as  the  minimum  perceptible  signal 
power  in  db  referred  to  a  milliwatt,  (abbreviated  as  dbm).  .  In  practice, 
the  receiver  sensitivity  depends  upon  the  noise  figure  of  the  converter,  the 
conversion  loss,  and  the  noise  figure  of  the  IF  amplifier.  If  an  RF  amplifier 
is  used,  as  is  the  practice  at  lower  microwave  frequencies,  its  noise  figure  is 
likely  to  be  controlling.  By  noise  figure  in  each  case  is  meant  the  noise 
power  in  comparison  with  the  thermal  noise.  The  thermal-  noise  in  watts 
delivered  to  a  load  is  kTB,  where  k  is  Boltzmann's  constant,  T  is  absolute 
temperature  in  degrees  K,  and  B  is  the  frequency  bandwidth.  Thus  for  a 
4  mc  band  at  25°  C  the  thermal  noise  is  — 108  dbm.  With  good  design  the 
over-all  receiver  noise  is  of  the  order  of  10  to  15  db  higher  than  thermal  noise. 
The  minimum  detectable  signal  is  usually  not  equal  to  the  receiver  noise  but 
depends  on  the  type  of  indicator,  particularly  on  whether  the  presence  of  an 
echo  is  indicated  by  spot  deflection  or  spot  modulation. 

With  a  CW  signal  generator,  receiver  sensitivity  is  measured  by  deter- 
mining the  minimum  input  power  necessary  to  produce  a  perceptible  change 
in  meter  reading.  This  affords  a  satisfactory^  relative  measure  of  receiver 
performance,  but  since  the  radar  indicator  usually  permits  better  visual 
discrimination  against  noise,  the  minimum  input  as  read  with  the  meter 
ordinarily  differs  from  the  minimum  pulse  input  for  barely  discernible  indica- 
tor response. 

*  The  term  noise  is  commonly  used  even  though  the  disturbances  are  observed  on  a 
cathode-rav  screen. 
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RF  Osc  ilia  lor s 

Beat  oscillator  tubes  for  radars  deliver  (with  sufficient  decoupling  or  isola- 
tion to  prevent  undue  frequency  pulling)  a  power  of  the  order  of  milliwatts. 
This  power  being  adequate  for  most  test  purposes,  such  tubes  are  well 
adapted  for  use  as  signal  generators. 

Throughout  the 'greater  part  of  the  microwave  range,  reflex  velocity- 
modulated  tubes,2  |3Q(.jj  |-he  type  ^[^^  built-in  cavity  (Pierce-Shepherd)  tuned 
mechanically  or  thermally,  and  that  with  external  cavity  (McNally)  tuned 
by  plugs,  vanes  or  adjustment  of  dimensions,  have  been  used.  The  former 
is  more  convenient  for  general  use  but  the  latter  usually  permits  wider  fre- 
quency coverage.  Oscillation  occurs  when  the  repeller  voltage  is  adjusted 
so  that  the  round  trip  transit  time  corresponds  to  an  odd  number  of  quarter 
wavelengths.  Ordinarily  there  are  several  different  ranges  of  repeller 
voltage,  corresponding  to  different  numbers  of  quarter  waves,  each  of  which 
supports  oscillation  over  a  range  of  frequencies,  called  a  mode  of  oscillation. 
Pulsing  or  frequency  modulation  is  accomplished  by  applying  a  pulse  or 
sawtooth  wave  to  the  repeller. 

At  the  longer  microwaves,  a  triode  with  closely  spaced  electrodes,  or 
so-called  "lighthouse"  tube^  has  been  employed  in  a  tuned-plate  tuned- 
grid  oscillator  of  the  positive  grid  type.  Two  coaxial  lines,  conveniently 
placed  one  inside  the  other,  provide  the  tuning,  with  the  feedback  through 
interelectrode  capacitances  supplemented  by  loop  coupling.  The  inner 
cavity  (between  plate  and  grid)  controls  the  frequency  of  oscillation,  while 
the  outer  cavity  (between  grid  and  cathode)  provides  a  suitably  high  grid 
impedance.  Mechanical  arrangements  are  provided  for  tracking  the  tuning 
of  the  two  cavities  over  a  wide  frequency  range. 

Some  Design  Principles 

Standard  signal  generators  which  have  been  employed  in  the  past  for 
measuring  the  sensitivity  of  radio  receivers  usually  deliver  a  known  voltage 
across  a  low  impedance.  This  voltage  is  applied  in  series  with  a  dummy 
antenna  to  the  receiver  under  test.  In  the  microwave  range  this  technique 
is  inconvenient,  and  signal  generators  are  designed  to  deliver  test  power  on 
a  matched  impedance  basis.  Receiver  sensitivity  is  stated  in  terms  of 
power  (dbm)  instead  of  volts. 

The  components  of  a  signal  generator  or  other  test  unit  are  commonly 
arranged  along  a  microwave  transmission  line.  The  wave  guide  type  of 
line  possesses  certain  advantages  over  a  coaxial  line  in  affording  a  lower 
loss,  facilitating  attenuator  design  as  discussed  in  a  subsequent  section,  etc. 
Hence  the  wave  guide  type  of  line  is  used  in  test  equipment  for  those  wave- 
lengths where  its  size  is  not  excessive,  i.e.  from  about  4,000  mc  upwards,  and 
coaxial  line  for  lower  frequencies. 
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A  major  problem  in  the  design  of  microwave  signal  generators  is  the 
provision  of  shielding  adequate  to  reduce  leakage  signals  due  to  unwanted 
couplings  or  stray  fields  well  below  the  minimum  signal  required  for  receiver 
testing.  This  minimum  level  may  be  as  low  as  —70  or  —80  dbm,  depending 
on  the  coupling  loss  in  the  test  connection. 

A  Pulsed  and  FM  Signal  Generator 

To  illustrate  the  functioning  of  a  signal  generator,  there  is  shown  in  Fig.  5 
a  block  schematic  of  a  design  (Army-Navy  type  TS-35A/AP)  which  covers 
a  12%  frequency  band  in  the  vicinity  of  9000  mc.  An  RF  connection  to  the 
radar  is  established  with  a  wave  guide  flange  coupling.  The  frequency  and 
power  of  the  radar  transmitter  are  measured  by  means  of  a  coaxial-type 
frequency  meter  and  thermistor  power  measuring  circuit  as  described  in 
subsequent  sections.  The  attenuator  and  pad  are  adjusted  to  reduce  the 
incoming  average  power  to  about  1  milliwatt,  which  gives  a  suitable  deflec- 
tion on  the  indicating  meter.  The  thermistor  is  mounted  across  the  wave 
guide. 

An  RF  pulse  train  is  employed  in  many  tests.  To  produce  this  the  RF 
oscillator  output  is  modulated  by  a  multi-vibrator  which  pulses  continuously 
except  when  being  synchronized.  Synchronizing  pulses  are  derived  by 
crystal  rectification  of  the  RF  pulses  from  the  radar  transmitter.  The  result 
is  an  initial  RF  pulse  of  7  microseconds  followed  by  an  off  period  of  about 
10  microseconds  followed  by  a  train  of  RF  pulses  each  2  microseconds  wide 
and  recurring  every  8  microseconds  until  resynchronization  occurs  at  the 
next  radar  pulse. 

Using  the  pulse  train,  the  radar  system  components  can  be  tuned  for 
maximum  sensitivity  by  maximizing  the  signal  on  the  indicator.  To  check 
receiver  sensitivity  the  CW  power  is  first  adjusted  so  that  a  power  of  1 
milliwatt  is  delivered  to  the  pad  and  attenuator.  Then  with  the  set  in  the 
pulsed  condition  the  amplitude  of  the  test  signal  is  adjusted  by  means  of 
the  attenuator  and  pad  until  the  signal  on  the  radar  indicator  is  barely 
discernible.  It  is  necessary  for  this  test  that  the  frequency  of  the  test 
signal  be  equal  to  the  magnetron  frequency.  The  frequency  meter  is 
provided  as  part  of  the  signal  generator  for  this  purpose. 

The  receiver  recovery,  i.e.  the  time  required  by  the  receiver  to  recover 
after  disablement  by  the  transmitter  pulse,  determines  the  minimum  range 
at  which  a  radar  can  be  used.  With  this  test  set  the  receiver  recovery 
characteristic  is  indicated  by  the  amplitude  of  the  test  pulses  in  the  interval 
immediately  following  the  transmitter  pulse. 

The  set  is  also  adapted  to  serve  as  an  FM  signal  generator.  A  sawtooth 
wave  applied  to  the  repeller  gives  a  succession  of  frequency  sweeps,  each 
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about  20  mc  wide,  and  lasting  about  6  microseconds.  With  this  frequency 
modulated  signal  the  width  of  receiver  response  may  be  observed  on  a 
Class  A  oscilloscope  (i.e.  one  showing  signal  amplitude  vs.  time).  However, 
with  non-adjustable  IF  strips  such  measurement  is  seldom  required.  Failure 
of  the  radar  AFC  to  follow  frequency  changes  due  to  antenna  scanning  or 
other  causes  is  indicated  by  a  change  in  the  indicator  presentation.  Pulling 
of  the  magnetron  frequency  due  to  changes  in  load  impedance  can  be  de- 
tected by  turning  off  the  AFC. 

Signal  Generator  Designs 

Designs  of  signal  generators  developed  for  the  military  arms  during  the 
war  are  interesting  as  landmarks  of  progress.  The  signal  generator  of  the 
IE30  test  set,  deliveries  of  which  began  in  May  1942,  delivered  pulsed  RF 
signals  in  the  10  cm  range,  using  sine  wave  synchronization.  Following 
only  three  months  later  was  the  signal  generator  of  the  Army  IE57A  and 
Navy  LZ  test  sets  (Fig.  6),  which  covered  a  then  very  broad  frequency  band 
of  20%  in  the  vicinity  of  10  cm,  and  was  designed  to  be  triggered  by  the 
incoming  RF  pulse  from  the  radar  instead  of  by  a  separate  synchronizing 
connection.  This  set  and  a  redesigned  version  of  it  have  seen  wide  usage 
in  testing  Army,  Navy  and  Marine  Corps  radars. 

Delivery  of  a  test  set  for  the  3  cm  range,  designated  TS-35/AP,  started 
in  the  fall  of  1943.  This  set  furnished  both  a  train  of  pulses  and  a  train  of 
FM  signals,  both  of  which  features  have  proved  valuable.  It  covered  a  9% 
frequency  band  with  no  tuning  adjustment  except  for  the  oscillator.  An 
improved  design  known  as  TS-35A  (see  Fig.  6)  covered  a  12%  band. 

Progress  in  reducing  the  size  and  weight  of  the  test  units  is  indicated  by 
the  fact  that  the  IE30  signal  generator  weighed  121  lbs.,  IE57  74  lbs., 
whereas  TS-35  and  TS-35A  weigh  approximately  30  lbs. 

Frequency  Measurement 

Usually  a  radar  need  not  operate  at  a  precise  frequency.  Accurate 
measurements  are  required  in  the  field,  howeyer,  to  keep  the  operating 
frequency  within  limits,  to  set  the  local  oscillator,  to  check  the  measuring 
frequency,  etc.  In  the  laboratory,  accurate  frequency  measurement  is 
fundamental. 

Frequency  measurement  in  the  microwave  range  is  ordinarily  accom- 
plished by  (1)  a  resonant  coaxial  line  or  (2)  a  resonant  cavity,  generally 
cylindrical.  These  types  are  illustrated  in  Fig.  7.  Sometimes  a  combina- 
tion of  the  two,  referred  to  as  a  hybrid  or  transition  type  resonator,  is  em- 
ployed. The  measurement  is  actually  one  of  wavelength,  with  the  scale 
calibrated  in  frequency  or  a  conversion  chart  provided.  Some  specific 
designs  of  frequency  meters  are  shown  in  Fig.  8. 
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Fig.  7 — Types  of  frequency  meters. 


Fig.  8 — A  group  of  frequency  and  power  meters  designed  for  various  I^ands  in  the 
frequency  range  500  to  25,000  mc. 
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Coaxial  Wavemeters 

A  coaxial  wavemeter  is  formed  of  a  section  of  coaxial  transmission  line  of 
small  enough  diameter  so  that  only  the  coaxial  mode  (in  wave  guide  nota- 
tion TMo.  0,  n)  can  exist.  Usually  the  line  is  short-circuited  at  one  end  and 
open  at  the  other,  in  which  case  resonance  occurs  at  the  odd  quarter  wave- 
lengths X/4,  3X/4  etc.).  The  open  circuit  is  obtained  merely  by  terminating 
the  inner  coaxial  conductor,  the  continuing  outer  conductor  acting  as  a  wave 
guide  below  cutoff.  Sometimes  the  line  is  short-circuited  at  both  ends, 
giving  resonance  at  the  even  quarter-wavelengths  (X/2,  X,  etc.). 

Cylindrical  Cavity  Waremelers 

A  cylindrical  ca\-it_\'  wavemeter  is  merely  a  section  of  cylindrical  wave 
guide  transmission  line'*  whose  length  is  varied.  In  order  to  avoid  confusion 
with  other  modes,  it  is  preferable  to  use  the  dominant  mode  (described  in 
wave  guide  notation,  r£i,i,„*)  i.e.  the  mode  with  the  lowest  cutoflf  frequency. 
The  cutoflf  wavelength  (Xc)  of  this  mode  is  1.706Z),  where  D  is  the  diameter  in 
meters.  For  a  higher  Q  it  may  be  necessary  to  use  the  circular  electric 
m.ode  TEo,i,n-  The  cutoff  wavelength  for  this  mode  is  .82D.  No  useful 
purpose  is  served  by  using  modes  with  /  and  m  subscripts  above  unit}-. 
TM  modes  are  often  used  for  fixed  frequency  cavities,  but  for  variable 
cavities  TE  modes  are  preferable  since  these  have  zero  current  at  the  inner 
wall  of  the  cylinder  and  thus  obviate  moving  contact  difificulty.  If  any 
mode  higher  than  the  dominant  one  is  used,  suppression  of  unwanted  modes 
may  be  required. 

The  accuracy  of  a  wavemeter  is  dependent  on  its  resolving  power.  This 
in  turn  depends  upon  Q,  which  is  an  index  of  the  decrement  of  the  resonant 
circuit,  and  is  equal  to  //A/,  where  A/  is  the  distance  between  3  db  points 
on  the  resonance  curv^e. 

In  a  coaxial  wavemeter,  maximum  Q  for  a  given  inner  diameter  is  obtained 
with  a  diameter  ratio  of  about  3.6^  The  basic  Q  of  a.  coaxial  wavemeter, 
assuming  copper  of  standard  conductivity,  is  roughly^ 

(3o  -  omiD  Vf  (3) 

This  expression  neglects  end  effects  and  hence  gives  somewhat  too  high  a 
value  of  Q. 

The  basic  Q's  for  TEi,i,„  and  TEo.i.,,  cylindrical  cavity  resonators  em- 
ploying copper  of  standard  conductivity  are,  respectively, 

*  TE  and  TM  represent,  respectively,  transverse  electric  and  transverse  magnetic. 
The  subscripts  /,  w,  n  denote,  respectively,  the  number  of  wavelengths  around  an>- 
concentric  circle  in  the  cross  section,  the  number  of  wavelengths  across  a  diameter,  anil 
the  number  of  half  wavelengths  along  the  length  of  the  cj^linder. 
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A^  1 


Qo  =  0.0937  X  10 
Qo  =  0.2762  X  10 


^^  1  +  5'(  0.826  -  +  0.295  '  ^^^ 

\  n 


10  ^    L 


v'/ 1  +  ^^(2.4393  (5) 


with  .4  —  -^ ,  52  =  A^  —  1,  and/  is  in  cycles  per  second. 

A 

The  value  of  Q  which  determines  accuracy  is  not  the  basic  Q,  but  the 
loaded  or  working  Q,  herein  designated  Ql. 

The  resolving  power  of  a  wavemeter  used  for  measuring  a  single  frequency 
can  be  made  considerably  better  than  f/Qi-  With  a  sensitive  meter  it  is 
readily  possible  to  detect  differences  less  than  1  db,  which  corresponds  to  a 
frequency  interval  oIJ/IQl. 

The  required  accuracy  in  a  wavemeter  is  generally  absolute  rather  than  a 
percentage.  Hence  increasingly  large  values  of  Qi  are  required  at  the  higher 
frequencies.  Thus  for  a  resolution  of  1  mc,  assuming  1  db  discrimination, 
the  values  of  Q^  required  for  different  frequencies  are: 


Frequency 

Ql 

Frequency 

Ql 

1,000  mc 
3,000  mc 

500 
1,500 

10,000  mc 
25,000  mc 

5,000 
12,500 

An  unnecessarily  high  value  of  Ql  has  the  disadvantage  of  making  it  more 
difficult  to  find  the  desired  frequency. 

Linearity 

The  displacement  of  the  coaxial  plunger  of  a  coaxial  type  wavemeter  for 
resonance  is  substantially  a  direct  linear  function  of  free  space  wavelength 
and  if  an  ordinary  centimeter  micrometer  drive  is  used  it  is  possible  to  read 
wavelength  differentials  directly.  Over  bandwidths  less  than  20  per  cent, 
displacement  vs.  frequency  is  also  quite  linear  which  is  of  considerable  ad- 
vantage for  some  uses. 

For  the  cavity  type  wavemeter  the  displacement  is  a  variable  function 
of  free  space  wavelength  and  becomes  very  non-linear  as  the  cutoff  fre- 
quency of  the  guide  or  cavity  is  approached.  This  is  evident  from  the 
relation  between  wavelength  in  the  guide,  X„,  wavelength  in  free  space,  \, 
and  cutoff  wavelength,  X<-: 


A  cam  or  mechanical  linkage  may  be  employed  to  obtain  a  linear  scale. 


MICROWAVE  KADAR  TESTING  453 

Frequency  Coverage 

Increasing  the  length  of  a  wavemeter  is  desirable  because  this  gives  a 
larger  mechanical  displacement  for  a  given  frequency  interval.  The  per- 
missible increase  is  limited,  however,  by  ambiguity  with  the  next  lower 
mode  in  going  toward  the  upper  end  of  the  frequency  scale  and  with  the 
next  higher  mode  in  going  toward  the  lower  end.  This  means  that,  if 
ambiguit}-  is  to  be  avoided,  the  ratio  of  top  to  bottom  frequency  cannot 
exceed  (;/  -f  2)/w  for  a  coaxial  line  of  n  quartenvaves.  For  a  cylindrical 
cavity  resonator  the  ratio  for  the  0,1, «  mode  must  be  less  than  n  -f  I)/n, 
the  exact  limit  depending  on  proximity  to  cutoff. 

Giiideposts 

The  following  guideposts  are  suggested  for  choosing  the  type  of  wave- 
meter  in  the  microwave  range.  WTiere  limitations  of  size  and  Q  permit, 
the  coaxial  quarter-wave  type  should  be  used  because  of  its  greater  linearity. 
If  this  type  is  inapplicable,  the  cavity  type  with  r£i,i,„  should  be  used 
unless  its  Q  is  inadequate,  in  which  case  TEo,i,n  should  be  employed. 

Couplings 

A  loop,  oriiice  or  probe  may  be  used  for  coupling  to  a  wavemeter.  Cou- 
pling to  a  coaxial  wavemeter  is  generally  effected  by  a  loop  placed  near  a 
short-circuited  end  so  as  to  be  in  the  maximum  magnetic  field.  For  coupling 
to  a  cylindrical  cavity  wavemeter,  an  orifice  in  or  near  the  base  of  the  cavity 
is  usually  employed.  The  coupling  to  the  wavemeter  is  kept  small  enough 
to  avoid  serious  reduction  of  loaded  Q. 

Types  of  Detectors 

\'arious  types  of  detectors  may  be'associated  with  a  wavemeter,  the  most 
commonly  used  being  (1)  a  cr\'stal  rectifier  and  microammeter,  or  (2)  a 
thermistor  bolometer.  Wlien  a  crystal  rectifier  is  employed  with  a  cavity 
or  coaxial  wavemeter  a  circuit  similar  to  that  shown  in  Fig.  9  is  used.  Im- 
portant items  in  such  a  circuit  are  the  "RF  by-pass"  condenser,  and  the 
"video"  condenser.  The  latter,  by  providing  a  low-impedance  path  to  the 
video  signals,  improves  rectification  efficiency  when  the  input  signal  is 
pulsed.  The  quarter-wave  stub  shown  in  the  figure  is  used  when  the  input 
or  coupling  circuit  does  not  provide  DC  and  video  paths,  \\lien  the  signal 
is  pulsed  at  a  low  duty  cycle,  high  peak  currents  through  the  crystal  are 
obtained  even  though  the  average  current  through  the  meter  is  small,  and 
it  is  possible  to  impair  or  burn  out  the  crystal  unless  extreme  care  is  taken. 
The  use  of  a  thermistor,  which  is  self -protecting  for  large  overloads,  avoids 
this  danger.  Another  ex-pedient  is  to  limit  the  crystal  current  to  a  small 
value  and  employ  a  video  amplifier  and  oscilloscope. 
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Methods  of  Use 

A  wavemeter  may  be  used  as  either  a  transmission  or  a  reaction  instru- 
ment. In  the  former  case  (Fig.  10a)  it  is  inserted  directly  in  the  trans- 
mission path,  so  that  substantially  no  through  transmission  occurs  except  at 
resonance.  In  the  latter  case  (Fig.  10b)  the  \\avemeter  is  coupled  to  the 
transmission  path  or  a  branch  circuit.  W'lien  the  meter  is  tuned  off  reso- 
nance it  presents  such  a  high  impedance  to  the  main  path  that  its  effect  is 
negligible.  At  resonance,  however,  it  offers  a  lower  impedance  which 
reflects  energy  in  the  main  line  so  that  less  power  reaches  the  detector  and 
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Fig.  9 — Crystal  detector  for  pulsed  RF  signals. 
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Fig.  10 — Types  of  frequency  meter  circuits. 


a  dip  in  the  reading  occurs.  For  most  applications  the  reaction  arrangement 
is  preferable  since  the  power  transmitted  when  the  wavemeter  is  off  tune 
may  serve  various  purposes.  For  analysis  of  frequency  spectrum  the  trans- 
mission method  is  necessary.  This  method  requires  two  couplings  to  the 
wavemeter,  which  lowers  the  Q  as  compared  with  the  reaction  type. 
Drive  and  Scale 

A  direct  dri^'e  with  a  precision  lead  screw  of  the  micrometer  type  is  fre- 
quently used.  Accuracy  of  reading  is  insured  by  spring  loading  to  minimize 
backlash  and  by  specifying  close  tolerances  for  threads  and  for  concentricity 
of  plunger  and  cavity.  The  scale  on  a  wavemeter  must  be  fine  enough  to 
permit  utilization  of  the  resolving  power.     The  conventional  micrometer 
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type  of  scale  sometimes  makes  accurate  reading  difficult  in  a  small  compact 
meter.  Scale  mechanisms  which  have  been  used  include  counter  types, 
clock  face  or  expanded  drum  types  with  gearing  between  vernier  and  coarse 
scales,  and  a  single  direct  reading  scale  with  divisions  arranged  in  a  spiral 
for  compactness. 

Effect  of  Temperature  and  Humidity 

To  minimize  the  effects  of  temperature  on  the  accuracy  of  readings,  invar 
has  been  employed  for  elements  whose  dimensions  affect  the  wavelength. 
For  accurate  work,  the  scale  reading  must  be  corrected  for  temperature.  A 
rough  approximation  is  that  the  scale  reading  varies  in  accordance  with  the 
coefficient  of  expansion  of  the  metal. 

Water  vapor  included  in  the  air  dielectric  of  a  wavemeter  has  an  appre- 
ciable effect  on  the  dielectric  constant  and  hence  on  the  resonant  frequency. 
Thus,  for  example,  in  going  at  sea  level  from  25°  C,  and  60%  humidity  to 
50°  C,  and  90%  humidity,  the  scale  reading  should  be  reduced  by  .03%. 
Correction  can  be  made  by  means  of  a  chart,  a  convenient  form  of  which 
has  been  prepared  by  Radiation  Laboratory. 

Calibration 

Frequency  meters  are  calibrated  against  sub-standards  which  in  turn  are 
calibrated  against  a  multiplier  from  lower  frequencies  for  which  a  high  order 
of  accuracy  can  be  obtained.  Such  multipliers  have  been  made  available 
at  Radiation  Laboratory  and  the  National  Bureau  of  Standards.  The 
accuracy  obtained  at  interpolation  frequencies  is  of  course  less  than  at  exact 
multiples  of  the  base  frequency.  In  the  microwave  range  the  accuracy  is 
believed  to  be  of  the  order  of  one  part  in  100,000. 

Power  Measurement 

There  are  two  needs  for  power  measurement  in  radar  maintenance,  namely 
(1)  in  evaluating  transmitter  performance  and  (2)  in  standardizing  test 
signals.  Power  output  is,  of  course,  only  one  factor  in  transmitter  perform- 
ance, others  being  (a)  frequency  and  (b)  spectral  distribution  or  shape  of 
RF  envelope.  Ability  to  measure  absolute  power  is  desirable  to  permit 
interchangeable  use  of  test  sets  in  the  field. 

Measurement  of  Pulse  Power 

The  transmitter  power  as  used  in  Formula  (1)  is  the  average  power  during 
the  pulse.     The  relationship  of  pulse  to  (long)  average  power  is 

Zi^    =    Tfr  (7) 

Pt  pulse 
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T  is  the  pulse  duration  in  seconds  and  fr  is  the  pulse  recurrence  frequency 
(P.  R.  F.)  in  cycles  per  second.  The  product  T/^  is  the  duty  cycle.  (Some- 
times the  reciprocal  of  this  number  is  referred  to  as  the  duty  cycle.  The 
magnitude  is  usually  such  that  no  ambiguity  arises.) 

During  the  early  days  of  radar  it  was  the  practice  to  measure  pulse  power. 
The  test  equipment  was  coupled  to  the  radar  by  a  path  of  known  loss.  The 
RF  envelope  was  derived  by  means  of  a  crystal  rectifier  and  applied  to  an 
oscilloscope.  With  the  aid  of  an  RF  attenuator  the  level  applied  to  the 
crystal  rectifier  and  oscilloscope  was  held  constant.  Calibration  was  ob- 
tained by  using  a  signal  generator  whose  output  was  standardized,  prior  to 
pulsing,  with  an  averaging  type  of  power  meter.  The  procedure  was  rather 
involved,  with  several  sources  of  possible  error.  Since  it  is  much  simpler 
to  measure  (long)  average  power,  field  measurement  of  pulse  power  was 
soon  abandoned.  Though  the  pulse  power  can  be  computed  from  average 
power  if  the  pulse  width,  pulse  shape  and  repetition  rate  are  known,  it  soon 
became  the  practice  to  specify  field  performance  requirements  in  terms  of 
average  power. 

Thermistor  Power  Meters 

A  number  of  devices  have  been  used  for  measuring  average  power  in  the 
microwave  range.  Those  suitable  for  handling  the  small  amounts  of  power 
normally  involved  in  field  tests  include  (1)  thermistors,  (2)  platinum  wires 
and  (3)  thermocouples.  In  each  case  the  RF  power  to  be  measured  is 
absorbed  in  the  measuring  element.  The  measurement  consists  in  observing 
the  resistance  change  m  the  thermistor  or  platinum  wire,  or  the  thermo- 
electric voltage  from  the  thermocouple.  By  analogy  with  devices  used  for 
measuring  minute  quantities  of  radiant  heat,  either  a  thermistor  or  a 
platinum  wire  instrument  is  sometimes  referred  to  as  a  bolometer.  The 
platinum  wire  device  has  also  been  termed  a  barretter. 

A  thermistor  for  microwave  power  measurement  is  a  tiny  bead  (about  5 
mils  in  diameter)  composed  of  a  mixture  of  oxides  of  manganese,  cobalt, 
nickel  and  copper,  constituting  a  resistor  with  a  very  high  negative  tem- 
perature coefficient. 

The  thermistor  has  a  number  of  advantages  for  microwave  work,  namely: 
(1)  resistance  is  highly  sensitive  to  change  of  heating  power,  which  obviates 
any  need  for  amplification  or  a  super-sensitive  meter,  and  makes  it  possible 
to  use  a  rugged  d.c.  meter;  (2)  reactance  is  low  compared  with  RF  resistance, 
which  makes  it  possible  to  incorporate  the  thermistor  in  a  power  absorbing 
termination  which  matches  the  impedance  of  a  microwave  transmission  line 
over  a  wide  band;  (3)  resistance  change  is  the  same  function  of  electrical 
heating  power  at  any  frequency,  which  permits  direct  comparison  of  the 
unknown  microwave  power  with  easily  measurable  d.c.  power;  (4)  sensitivity 
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to  damage  and  bum-out  is  inherently  low,  and  added  protection  results 
from  impedance  mismatch  during  overload.  Because  of  these  character- 
istics thermistors  have  been  far  more  widely  used  than  other  detectors  for 
microwave  power  measurement.  Broad-band  thermistor  mounts  have  been 
designed  to  match  both  wave  guide  and  coaxial  transmission  lines,  the  latter 
not  only  in  the  microwave  range  but  also  down  to  low  frequencies.  Some 
of  the  test  sets  specifically  intended  for  power  measurement  or  for  combined 
power  and  frequency  measurement  are  shown  in  Fig.  8. 

The  change  in  the  thermistor  resistance  due  to  RF  heatmg  current  is 
determined  by  placing  the  thermistor  in  one  arm  of  a  d.c.  bridge.  By 
noting  the  d.c.  power  necessary  to  balance  the  bridge  with  and  without  RF 
power  in  the  thermistor,  the  magnitude  of  the  RF  power  may  be  determined. 
For  most  purposes,  however,  a  direct  reading  power  meter  is  preferable. 
This  can  be  obtained  over  a  moderate  range  of  power  levels  by  employing 
an  unbalanced  bridge.  The  bridge  is  balanced  for  d.c.  only  and  the  measure- 
ment consists  in  noting  the  meter  deflection  when  RF  power  is  added. 

The  resistance  of  a  thermistor  is  a  highly  sensitive  function  not  only  of 
electrical  heating  power  but  also  of  ambient  temperature.  For  convenient 
field  measurement,  the  effect  of  ambient  temperature  must  be  cancelled  out 
in  the  indicator  circuit  so  that  the  indication  depends  only  on  RF  power. 

Water  Loads 

A  method  which  has  been  used  in  the  laboratory  and  factory  for  measuring 
high-level  microwave  power  consists  in  terminating  the  RF  transmission 
line  in  a  water  load  arranged  as  a  continuous  flow  calorimeter.  This  method 
can  be  made  quite  accurate  but  is  cumbersome.  More  recent  practice  is 
to  terminate  the  RF  line  in  a  solid  load  of  a  type  described  later  in  this  ar- 
ticle, and  to  couple  a  thermistor  power  meter  to  the  line  by  means  of  a 
directional  coupler  (described  below)  of  known  loss.  Ver>^  close  correla- 
tions have  been  obtained  between  the  two  methods  over  the  entire  micro- 
wave band. 

Echo  Boxes 

A  device  unique  to  radar  testing  is  a  high  Q  resonant  cavity,  known  as  an 
"echo  box"  or  "ring  box."  The  cavity  is  coupled  to  the  radar  transmission 
line  or  antenna  as  indicated  in  Fig.  11.  During  the  transmitted  pulse, 
microwave  energy  is  stored  in  the  cavity.  In  the  period  immediately  there- 
after, energy  is  returned  to  the  radar  over  the  same  path,  producing  a  signal 
on  the  radar  indicator.  The  energy  in  the  cavity  builds  up  exponentially 
to  an  amplitude  dependent  on  the  radar  power.  .\t  the  end  of  the  pulse 
the  returned  energj-  decays  exponentially,  disappearing  into  the  noise  at  a 
point  determined  by  receiver  sensitivity.     The  time  interval  between  the 
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end  of  the  transmitted  pulse  and  the  point  where  the  signal  on  the  radar 
indicator  disappears  into  the  background  noise,  called  the  "ring  time," 
therefore  measures  the  over-all  performance  of  the  radar. 

An  echo  box  is  a  particularly  useful  instrument  for  radar  testing  because 
it  measures  over-all  performance  directly,  because  it  permits  a  rapid  tune-up, 
and  because  it  utilizes  the  radar  transmitter  as  its  only  source  of  power  and 
therefore  can  be  made  extremely  portable.  Figure  12  shows  typical  ring- 
time  patterns  on  different  types  of  indicators.  In  actual  practice  the  ring- 
time  is  read  in  miles  on  the  radar  range  scale  and  hence  is  measured  from 
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Fig.  11 — Radar  test  with  echo  box. 

the  beginning  of  the  transmitted  pulse  rather  than  the  end.  The  difference 
is  unimportant,  however,  since  standard  and  limiting  values  of  ringtime  are 
established  for  operating  conditions.  It  will  be  noted  that  the  echo  box 
does  not  return  a  true  echo  to  the  radar,  so  that  the  name  "echo  box"  is  not 
entirely  appropriate. 

Types  and  Uses 

Echo  boxes  are  of  two  general  types,  tuned  and  untuned.     A  tuned  echo 
box  is  designed  to  resonate  in  a  single  mode  adjustable  over  the  operating 
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frequency  range.  An  untuned  echo  box  is  a  fixed  cavity  of  a  size  sufficient 
to  support  a  very  large  number  of  modes  within  the  working  range.  Tuned 
echo  boxes  are  more  versatile  and  more  widely  used  than  untuned  boxes. 
The  most  common  type  of  tuned  echo  box  is  designed  for  hand  tuning. 
While  other  shapes  are  possible,  the  most  convenient  one  is  a  right  cylinder 
whose  length  is  adjusted  by  a  movable  piston.     The  TEo.i.n  mode  gives 
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Fig.  12 — ^.Tj-pical  ringtimc  patterns  on  radar  indicators. 


maximum  Q  for  a  given  volume  and  minimizes  the  number  of  unwanted 
modes  present  within  the  desired  band.  The  value  of  n  is  determined  by 
the  desired  value  of  Q  (see  formula  5).  Unwanted  modes  can  be  partially 
avoided  by  choice  of  design  parameters.  However,  for  high  values  of  Q, 
and  especially  for  broad  frequency  bands,  the  suppression  of  unwanted 
modes  involves  design  problems  of  the  highest  order. 
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As  indicated  in  Fig.  13,  a  tuned  echo  box  cavity  is  usually  provided  with 
two  couplings.  One  of  these  is  to  the  radar  pick-up;  the  other  to  an  attenu- 
ating device,  crystal  rectifier,  and  meter,  which  serve  for  tuning  the  cavity 
and  for  other  purposes.  With  such  an  instrument,  not  only  can  the  radar 
be  tuned  up  and  its  over-all  performance  determined,  but  many  other  tests 
can  be  made,  to  wit:  (1)  the  setting  of  the  plunger  at  resonance  indicates 
the  transmitter  frequency  or  wavelength;  (2)  calibration  of  the  cr}^stal 
affords  a  rough  measure  of  output  power;  (3)  since  the  Q  required  for  ade- 
quate ringtime  is  so  high  that  the  cavity  selects  only  a  narrow  segment  of 
the  transmitter  spectrum,  a  spectrum  analysis  can  be  made  by  plotting  fre- 
quency versus  crystal  current  reading;  (4)  slow  recovery  of  TR  box  and 
receiver  after  the  transmitted  pulse  can  be  detected  by  noting  the  behavior 
of  the  ringtime  pattern  at  short  ranges  as  the  echo  box  is  detuned;  (5) 
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Fig.  13 — Functional  schematic  of  tuned  echo  box 


inability  of  the  receiver  to  recover  promptly  after  a  strong  signal  (the  result 
of  imperfect  d.c.  reinsertion  in  the  video  amplifier  or  of  overloading  of  the  I.F. 
amplifier)  is  indicated  by  a  blank  following  the  end  of  the  ring;  (6)  improper 
pulsing  (e.g.  double  moding  or  misfiring)  can  be  determined  with  a  class  A 
oscilloscope;  (7)  the  frequency  and  power  of  the  local  oscillator  can  be 
measured.  In  tuned  echo  boxes,  requirements  for  extreme  fineness  of  tuning 
control  and  precise  resettability  have  given  rise  to  interesting  problems  in 
the  design  of  the  mechanical  drive  and  indicating  mechanism. 

In  another  type  of  echo  box,  hand  tuning  is  supplemented  by  motor-driven 
tuning  or  so-called  "wobbling"  over  a  frequency  range  wide  enough  to 
embrace  expected  variations  in  transmitter  frequency.  Operation  is  con- 
trolled by  a  single  push-button  which  energizes  the  motor  and  actuates  the 
cavity  coupling.  Such  an  instrument  may  be  permanently  installed  in  a 
plane  and  used  to  check  the  radar  during  flight. 
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For  an  untuned  or  multi-resonant  echo  box,  rectangulaf  shape  is  con- 
venient. The  box  should  be  large  enough  to  make  it  highly  probable  that 
over  the  operating  band  one  or  more  modes  will  be  present  within  any  fre- 
quency inter\'al  of  width  equal  to  the  main  concentration  of  the  transmitter 
spectrum.  For  a  given  rectangular  volume  a  cube  gives  the  largest  number 
of  modes.  The  total  number  of  modes  up  to  a  frequency  of  wave  length 
X  is 


N^f  =  8.38  F/Xo 


(8) 


where  T'  is  the  volume.     However,  because  of  the  cubical  shape  many  dif- 
ferent modes  tend  to  coincide  in  wavelength,  a  condition  referred  to  as 


i^^**u.;^^ 


Fig.  14 — A  grouji  of  echo  boxes  of  various  types. 


degeneracy.  To  spread  out  the  modes,  the  box  is  made  slightly  off  cube  and 
one  or  more  corners  sliced  off.  At  the  longer  microwaves  the  size  of  box 
is  determined  by  the  nimiber  of  modes,  and  the  size  becomes  quite  awkward. 
For  the  shorter  microwaves  the  size  is  determined  by  the  required  value 
of  Q.  Hence  tlie  use  of  untuned  echo  boxes  has  been  limited  to  the  fre- 
quency range  from  about  9000  mc  upwards  with  sizes  of  the  order  of  12  to 
24  inches  on  a  side.  Even  with  an  extraordinarily  high  probability  of  find- 
ing modes  within  the  radar  band,  substantial  differences  in  response  are 
found  for  relatively  small  changes  in  frequency.  Accordingly  untuned  echo 
boxes  are  more  useful  for  rough  tune-up  than  for  precise  measurement. 
A  number  of  specific  designs  of  echo  boxes  for  different  microwave  bands 
are  shown  in  Fig.  14. 
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Q  and  Ring  Time 

For  satisfactoty  measurement  the  ringtime  must  extend  beyond  nearby 
echoes  which  would  obscure  the  test  signal.  For  most  radars  a  ringtime  of 
20  to  30  microseconds  (about  2  to  3  miles)  has  been  found  satisfactory  al- 
though considerably  higher  values  have  sometimes  been  provided.  Even 
apart  from  echoes,  a  long  ringtime  is  desirable  since  this  gives  a  lower  decay 
rate  and  a  more  sensitive  measurement. 

Computation  will  show  that  an  extremely  high  value  of  Q  is  necessary 
to  obtain  the  desired  ringtime.  For  maximum  ringtime  the  cavity  coupling 
should  be  such  as  to  make  the  working  Q  (Ql)  about  90  per  cent  of  the  non- 
loaded  Q.  Values  of  working  Q  which  have  been  provided  in  different  fre- 
quency ranges  are  approximately  as  follows: 

Frequency  Q,  Frequency  Q^ 

1,000  mc  70,000*  10,000  mc  100,000 

3,000  40,000  24,000  200,000 

*  In  this  case  a  higher  Q  was  needed  for  a  long  range  ground  search  system. 

The  difference  in  performance  corresponding  to  a  given  change  in  ring- 
time  can  be  determined  from  the  decay  rate  which  is 

d  =  27.3  Z/Ql  <f6/niicrosecond  (9) 

For  a  given  frequency  the  ringtime  is  directly  proportional,  and  the  decay 
rate  inversely  proportional,  to  Q.  For  a  given  ringtime,  the  required  Q  is 
directly  proportional  to  frequency. 

Accurate  measurement  of  extremely  high  Q's  is  essential  in  echo  box  work. 
A  decrement  method,  in  which  a  pulsed  RF  oscillator  and  oscilloscope  are 
used  to  determine  the  loss  corresponding  to  a  known  time  interval,  has 
proved  most  satisfactory. 

Spectrui^i  An.\lysis 

The  frequency  components  of  a  non-repetitive  rectangular  d-c.  pulse  may 
be  determined  by  well  known  methods  using  Fourier  integral  analysis. 
The  envelope  of  amplitudes  is  of  the  form  (sin  x)/x  where  x  =  irfT.  This 
envelope  is  shown  by  the  right-hand  side  of  the  curve  of  Fig.  15a,  /o  being 
assumed  to  represent  zero  frequency.  The  first  zero  occurs  at  the  fre- 
quency /  =  1/T. 

Similarly  the  envelope  of  the  spectrum  of  a  rectangular  a-c.  pulse  is  given 
by  the  complete  curve  of  Fig.  15a, /o  in  this  case  being  the  carrier  frequency. 
For  a  non-repetitive  pulse  all  frequencies  are  present  in  amplitude  as  shown 
by  the  envelope.  WTien  a  stable  carrier  frequency  is  pulsed  at  uniform 
intervals  and  in  precise  phase  relation,  only  harmonics  of  the  repetition 
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frequency  are  present  under  the  envelope.     In  radar  practice  conditions 
are,  as  a  rule,  not  sufficiently  stable  for  this  to  occur. 

Because  of  its  bandwidth,  an  echo  box  cannot  reproduce  the  ideal  spec- 
trum envelope  of  Fig.  15a.  Instead  the  curve  for  a  good  spectrum  may 
resemble  that  of  Fig.  15b,  while  spectrum  irregularities  detrimental  to  radar 
performance  may  be  revealed  by  curves  such  as  those  of  Fig.  15c  and  15d. 
Broadening  of  the  spectrum  is  undesirable  because  less  energy  falls  within 
the  receiver  band.  Energy  removed  from  the  main  concentration  may 
result  from  double  moding  or  from  the  occurrence  of  a  different  frequency 
during  the  rise  or  fall  of  the  pulse.     Frequency  modulation  due  to  a  sloping 
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Fig.  15 — Radar  spectrum  analysis  with  echo  box. 

or  spiked  input  pulse  produces  a  non-symmetrical  spectrum,  not  infre- 
quently characterized  by  a  high  side  lobe.  Frequency  jump  in  the  middle 
of  the  pulse,  due  to  line  reflection,  may  produce  two  distinct  maxima. 

Another  device  widely  used  for  this  purpose  is  the  "Spectrum  Analyzer" 
as  developed  by  Radiation  Laboratory,  which  provides  an  oscilloscope 
presentation  of  spectrum  component  amplitudes  versus  frequency. 

Standing  Wave  Measurements 
Theory 

The  expression  for  the  distribution  of  current  or  voltage  along  a  mis- 
terminated  line  of  appreciable  electrical  length  yields  tw'o  terms  which 
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may  be  considered  as  representing  two  waves  transmitted  in  opposite  direc- 
tions, one  (the  incident  wave)  from  the  generator  toward  the  load,  the  other 
(the  reflected  wave)  from  the  load  toward  the  generator.  The  summation 
is  a  standing  wave  pattern.  The  standing  wave  ratio  (SWR)  is  defined  as 
the  ratio  of  the  wave  amplitude  at  a  maximum  point  (anti-node)  to  that  at  a 
minimum  point  (node).  If  the  standing  wave  ratio  is  stated  as  a  numeric, 
it  is  necessary  to  specify  whether  it  applies  to  voltage  (VSWR)  or  power 
(PSWR).     Possibility  of  ambiguity  is  avoided  by  stating  the  ratio  in  db. 

The  ratio  of  the  reflected  current  to  the  incident  current  is  the  reflection 
coefficient,  here  designated  as  p.  The  value  of  the  reflection  coefficient  is 
given  both  in  magnitude  and  phase  by 

where  Zq  is  the  characteristic  impedance  of  the  line  and  Z  is  the  load  imped- 
ance. The  reflection  coefficient  is  related  to  the  standing  wave  ratio  as 
follows : 

VSWR  =  a  =  J-±^  ,     or,      p  =  ^  (ll) 

1  -  p  0-  +  1 

Plots  of  the  relationships  are  shown  in  Fig.  16. 

The  reduction  of  radiated  power  due  to  reflection  losses  in  a  radar  trans- 
mission line,  while  important,  is  usually  less  serious  than  other  effects  of 
impedance  irregularities.  Since  the  load  impedance  reacts  on  the  oscillator 
circuit,  the  frequency  and  output  of  most  transmitter  tubes  are  quite  sensi- 
tive to  load  impedance.  If  the  line  is  electrically  long,  so  that  its  impedance 
varies  rapidly  with  frequency,  marked  instability  of  oscillator  frequency 
may  occur,  a  condition  referred  to  as  "long  line  effect." 

Since  radar  transmission  lines  contain  many  potential  sources  of  imped- 
ance discontinuity,  including  not  only  the  antenna  but  a  variety  of  couplings, 
bends,  wobble  joints,  rotating  joints,  switches,  etc.,  measurements  of  stand- 
ing wave  ratio  are  frequently  required.  The  need  for  such  measurements 
depends  in  part  on  whether  the  line  is  "preplumbed"  or  is  provided  with 
field  adjustments. 

Devices 

Standing  waves  may  be  detected  and  measured  by  several  different  types 
of  devices,  including  (1)  a  slotted  line,  (2)  a  squeeze  section,  (3)  a  directional 
coupler  and  (4)  a  hybrid  T.  All  of  these  furnish  information  on  the  mag- 
nitude of  the  standing  wave  ratio.  In  some  cases  phase  information  may 
be  obtained  also,  which  permits  determination  of  impedance,'  but  this 
knowledge,  while  useful  in  the  laborator}',  is  seldom  required  in  field  work. 
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A  block  diagram  of  an  arrangement  employing  a  slotted  line  for  measuring 
standing  waves  is  shown  in  Fig.  17.  The  oscillator  source  is  commonly 
followed  by  a  pad  or  attenuator  to  prevent  frequency  pulling.  The  slotted 
section  may  be  either  a  coaxial  or  a  wave  guide  line  employing  a  mode  which 
is  not  disturbed  by  the  presence  of  the  slot  (e.g.  normal  coa.xial  mode;  TEi,o 
in  rectangular  wave  guide ;  TMo,\  in  round  wave  guide).  A  traveling  pick-up 
probe  or  loop  projects  through  the  slot  and  couples  energy  from  the  line 
into  a  detector  which  delivers  d-c.  or  audio-frequency  to  the  indicator.     The 
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Fig.  16 — Relations  in  mismatched  transmission  lines. 


probe  is  moved  longitudinally  to  find  points  of  maximum  and  minimum  field 
strength.  To  avoid  distortion  of  the  field  within  the  line,  the  probe  should 
be  small  and  should  project  only  a  short  distance  inside  the  slot.  For 
accurate  results  extreme  care  must  be  exercised  in  design  and  construction 
to  avoid  variation  in  depth  of  immersion  as  the  probe  is  moved.  Several 
slotted  lines  employed  for  standing  wave  measurements  are  shown  in  Fig.  18. 
\  squeeze  section  consists  of  a  section  of  rectangular  guide  with  slots 
milled  in  the  center  of  both  broad  faces  so  that  the  width  of  the  guide  can 
be  varied  by  external  deforming  means.     This  changes  the  wave  length  in 
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the  guide,  so  that  maximum  and  minimum  values  may  be  determined  by  a 
fixed  probe  and  indicator. 

The  use  of  a  directional  coupler  for  standing  wave  measurement  is  dis- 
cussed in  the  following  section. 

Another  useful  device  for  standing  wave  measurement  is  the  "hybrid  T" 
or  "magic  T".  This  is  a  sort  of  microwave  bridge,  consisting  of  a  main 
wave  guide  to  which  an  E  plane  branch  and  an  H  plane  branch  are  joined  in 
the  same  physical  plane.  With  matched  terminations  of  the  two  ends  of  the 
main  guide,  the  two  branches  are  conjugate.  Terminating  one  end  of  the 
main  guide  in  the  unknown  impedance  and  the  other  in  a  matched  termina- 
tion, the  degree  of  impedance  mismatch  of  the  unknown  is  indicated  by  the 
magnitude  of  the  reflected  wave  which  appears  in  one  branch  when  energ>' 
is  fed  into  the  other. 

Directional  Couplers 

Accurate  measurement  of  transmitter  power  and  receiver  sensitivity 
requires  a  couplmg  path  of  known  loss  between  the  radar  and  the  test  set. 
The  first  method  employed  for  this  was  to  place  a  portable  test  antenna 
(see  Fig.  2)  in  the  field  of  the  radar  antenna.  Depending  on  the  frequency 
range,  this  test  antenna  took  the  form  of  a  dipole,^^  with  or  without  a  small 
reflector,  or  an  electromagnetic  horn."  With  this  method  it  was  necessary 
to  calibrate  the  loss  of  the  space  coupling  path  between  the  two  antennas. 
Smce  it  proved  difficult  to  locate  the  test  antenna  at  exactly  the  same 
point  and  to  be  sure  that  the  main  antenna  pattern  remained  the  same,  a 
separate  calibration  of  the  coupling  loss  was  usually  required  whenever  a 
measurement  was  made. 

An  alternative  method  was  to  place  a  single  probe  in  the  radar  transmission 
line.  This  introduced  another  sort  of  difficulty.  Accuracy  of  measurement 
was  vitiated  by  the  presence  of  standing  waves  which  rendered  the  probe 
pick-up  a  function  of  frequency  and  of  location  with  respect  to  the  irregu- 
larities. A  highly  satisfactory  answer  to  the  entire  problem  was  found  in 
a  device  which  is  called  a  directional  coupler  because  it  couples  only  to  the 
wave  propagated  in  one  direction.  In  its  simplest  form  a  directional  coupler 
consists  of  two  couplings  to  the  main  transmission  line,  which  add  for  one 
direction  of  transmission  and  cancel  for  the  other.  Thus,  for  example, 
Fig.  10a  shows  a  form  of  directional  coupler  for  wave  guide  which  is  placed 
in  the  radar  transmission  line  at  the  point  indicated  schematically  in  Fig.  1 . 
An  auxiliary  wave  guide  is  coupled  to  the  main  guide  through  two  identical 
orifices  spaced  Xff/4  between  centers  (or  more  generally  n\g/4:  where  n  is 
an  odd  integer).  Assuming  the  incident  and  reflected  waves  in  the  main 
guide  to  be  directed  as  shown,  and  the  auxiliary  guide  to  be  terminated  on 
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one  end,  a  test  circuit  connected  to  the  other  end  will  be  coupled  to  the 
incident  wave,  while  theoretically  the  two  couplings  to  the  reflected  wave 
will  differ  by  X/2  and  therefore  cancel  one  another. 

With  such  a  device  measurements  may  be  made  of  the  characteristics 
of  the  incident  wave  independently  of  reflections.  If  the  coupling  to  the 
main  line  is  not  too  close  there  is  no  appreciable  effect  on  the  incident  wave, 
and  continuous  monitoring  can  be  had.  Conversely,  test  signals  applied 
through  the  directional  coupler  will  travel  in  tlie  main  guide  in  the  proper 
direction  for  testing  the  radar  receiver. 

If  the  locations  of  the  termination  and  the  test  connection  point  in  Fig. 
19a  are  reversed,  the  couplings  to  the  main  transmission  line  are  also  re- 
\'ersed.  Such  an  arrangement  tlierefore  permits  measurement  of  the  re- 
flected power  which  in  turn  makes  it  possible  to  adjust  for  minimum  re- 
flected power  and  hence  for  minimum  SWR.  Comparison  of  the  reflected 
power  with  the  direct  power  determines  the  SWR.  For  convenience  in 
measurement,  two  directional  couplers  pointed  in  opposite  directions  are 
frequently  used,  the  combination  being  referred  to  as  a  bi-directional  coupler 
(Fig.  19b).  One  advantage  of  this  arrangement  is  that  the  ability  to  measure 
the  reflected  power  from  the  antenna  and  that  part  of  transmission  line 
beyond  the  coupler  provides  means  for  detecting  trouble  in  that  part  of  the 
system.  Directional  couplers  may  be  applied  to  any  type  of  transmission 
line.  Figure  19c  shows  a  simple  form  of  directional  coupler  for  a  coaxial 
line. 

One  characteristic  of  importance  in  a  directional  coupler  is  the  coupling 
loss.  A  small  value  of  coupUng  loss  affords  increased  sensitivity  of  measure- 
ment, while  a  sizable  value  is  desirable  to  minimize  reaction  on  the  main 
transmission  line  as  well  as  for  other  reasons.  A  loss  of  around  20  db  has 
usually  been  found  a  good  compromise.  It  is  now  the  practice  to  in- 
corporate a  directional  coupler  in  every  radar  to  obtain  a  test  connection 
point. 

Due  to  unavoidable  imperfections,  a  directional  coupler  never  gives  com- 
plete cancellation  for  the  undesired  direction  of  transmission.  The  de- 
parture from  ideality  is  indicated  by  the  directivity  (also  referred  to  as 
front-to-back  ratio)  which  is  defined  as  the  scalar  ratio  of  the  two  powers 
measured  at  the  test  connection  point  when  the  same  amount  of  power  is  ap- 
plied to  the  main  guide,  first  in  one  direction  and  then  in  the  other.  For 
measurements  of  the  direct  wave  and  of  receiver  characteristics,  a  moderate 
directivity,  of  the  order  of  15  db  or  better,  is  sufficient.  In  measuring  re- 
flected i)ower,  however,  the  directivity  determines  the  amount  of  direct 
power  which  appears  at  the  point  of  measurement  and  therefore  controls 
accuracy.     The  chart  of  Fig.  20  will  facilitate  determination  of  the  maximum 
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error  that  nia\-  occur  in  measuring  different  values  of  SWR  with  various  as- 
sumed directivities. 

With  a  simple  two-hole  coupler,  the  directivity  deteriorates  rapidly  as 
the  frequency  departs  from  that  corresponding  to  quarter-wave  spacing. 
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Fig.  20 — Error  in  standing  wave  measurements  caused  by  directivity  of  directional 
coupler. 


By  providing  additional  couplings  suitably  spaced,  the  residuals  from 
different  sets  of  couplings  can  also  be  cancelled  against  one  another  and  the 
directivity  versus  frequency  characteristic  can  be  materially  broadened. 
With  multiple  hole  couplings  a  minimum  directivity  of  26  to  30  db  over  a 
frequency  band  of  10  to  20%  is  readily  practicable  in  quantity  production, 
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and  much  better  values  are  obtained  in  the  laboratory.  Some  of  the  nu- 
merous designs  of  directional  couplers  developed  for  association  with  operating 
radars  are  shown  in  Fig.  21. 

Because  they  are  more  convenient  than  slotted  lines  and  can  be  made  more 
accurate,  directional  couplers  have  been  extensively  used  for  SWR  measure- 
ment in  the  laboratory.  A  number  of  special  arrangements  have  been 
devised  to  improve  both  accuracy  and  convenience.  A  directional  coupler 
arrangement  which  has  been  provided  for  field  measurement  of  SWR  in  the 
vicinity  of  25,000  mc  is  also  illustrated  in  Fig.  21.  In  this  the  direct  power 
is  brought  to  equality  with  the  reflected  power  by  an  attenuator  whose  dial 
is  calibrated  directly  in  SWR.  A  wave  guide  switch  facilitates  the  power 
comparison. 

Auxiliaries  and  Components 
RF  Loads 

An  RF  load  (or  dummy  antenna)  which  will  absorb  the  radar  power  in 
an  impedance  which  matches  the  transmission  line  is  very  useful  in  radar 
work.  Such  a  device  permits  testing  the  radar  in  operating  condition  with- 
out actual  radiation  which  might  give  information  to  the  enemy  or  interfere 
with  other  radars.  It  also  makes  it  possible  to  test  the  radar  in  locations 
where  reflections  from  the  ground  or  nearby  objects  would  otherwise  hamper 
or  prevent  a  test.  RF  loads  for  microwave  work  usually  consist  of  a  section 
of  transmission  line  (either  coaxial  or  wave  guide,  depending  on  wavelength) 
containing  a  high-loss  dielectric.  The  impedance  of  such  a  load  is  neces- 
sarily low  and  must  be  matched  to  the  radar  line  by  tapering  the  dielectric 
over  a  distance  of  several  wave  lengths.^"  Moreover,  if  the  line  is  to  handle 
high  power,  tapering  over  a  considerable  length  is  necessary  to  distribute 
the  heat. 

A  coaxial  load  is  preferably  tapered  from  outer  conductor  to  inner  con- 
ductor, since  this  both  reduces  the  voltage  gradient  and  facilitates  heat 
dissipation.  A  dielectric  consisting  of  a  mixture  of  bakelite,  silica  and 
graphite,  molded  in  place,  has  been  found  satisfactory.  For  wave  guides  a 
ceramic  containing  carbon  may  be  preformed,  with  taper  in  one  or  two 
dimensions,  and  cemented  in  place. 

Figure  22  shows  a  number  of  RF  loads  developed  for  different  frequency 
bands.  One  of  these,  TS-235/UP,  provides  an  excellent  impedance  match 
over  the  frequency  range  from  500  mc  to  above  3,000  mc.  When  equipped 
with  a  blower  designed  for  uniform  transverse  ventilation,  it  will  handle  a 
peak  power  of  the  order  of  750  kw  with  a  duty  cycle  of  about  .001. 

Microwave  Attenuators  and  Pads 

RF  attenuators  and  pads  are  cornerstones  of  microwave  testing.  At- 
tenuators are  used  to  adjust  unknown  signals  to  levels  suitable  for  measure- 
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Fig.  22 — RF  loads  for  different  bands  in  the  microwave  frequency  range. 


?1    STRIP   MOVING   VERTICALLY  IN  GUIDE 


TERMINATIONS 


b.    WAVE   GUIDE  BELOW    CUTOFF 
Fig.  23 — Microwave  attenuators. 

ment  and  to  obtain  the  minute  test  signals  required  for  measuring  receiver 
characteristics.     Pads  serve  to  change  levels  and  to  prevent  interaction 
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between  testing  components.  Microwave  attenuators  and  pads  are  of 
two  general  types  (a)  those  which  employ  dissipative  elements  to  absorb 
power  and  (b)  nnn-dissipativc  devices  which  introduce  propagation  or 
C()U])ling  loss. 

For  the  shorter  microwaves  the  most  convenient  form  of  attenuator  is  of 
the  dissipative  type,  employing  a  strip  or  vane  of  dielectric  coated  with  a 
resistance  material,  as  for  example,  carbon-coated  bakelite.  This  is  placed 
in  rectangular  wave  guide  with  its  plane  paralleling  the  side  of  the  guide. 
The  attenuation  is  varied  by  varying  the  depth  to  which  the  vane  is  inserted 
in  the  guide  (Fig.  23a)  or  by  changing  its  position  in  the  guide.  A  valuable 
feature  of  such  attenuators  is  that  the  minimum  loss  can  be  made  substanti- 
ally zero.  For  good  impedance  match  the  strip  must  be  tapered.  By 
using  two  strips  the  over-all  length  of  the  attenuator  can  be  reduced. 
Extremely  satisfactory  attenuators  of  this  type  covering  a  frequency  range 
of  8  to  12%,  with  loss  variable  from  0  to  35  or  40  db,  have  been  obtained 
in  the  frequency  range  4,000  to  24,000  mc. 

For  the  longer  microwaves,  where  wave  guides  are  inconveniently  large, 
attenuators  of  the  wave  guide-below-cutoff  type  are  very  useful.  These 
consist  of  a  section  of  round  wave  guide  whose  diameter  is  small  compared 
with  wavelength  and  whose  length  is  adjusted  by  telescoping  (see  Fig.  23b). 
The  TMo,i  mode  has  been  found  very  satisfactory,  and  TEi,i  has  also  been 
used.  Connection  is  made  to  the  attenuator  by  a  coaxial  circuit  at  each 
end,  with  disk  excitation  for  the  TMn,i  mode  and  loop  coupling  for  TEi,i. 
The  attenuation  formulas  are:^^ 


r£i, .  A=^-^  ^\  -  (^^^J  ./Vmeter  (13) 

where  D  =  diameter  of  wave  guide  in  meters.  Because  of  the  effect  of 
other  modes  when  the  coupling  is  close,  a  minimum  loss  of  20  to  30  db  is 
required  before  the  attenuation  becomes  linear  with  displacement.  The 
attenuation  differentials  are  substantially  independent  of  frequency.  At- 
tenuators of  this  type  present  a  large  impedance  mismatch  at  either  end, 
the  effect  of  which  may  be  alleviated  by  padding  or  by  a  termination. 
Types  of  pads  employed  in  microwave  work  include  the  following: 

(1)  Flexible  coaxial  cable,  usually  with  high  resistance  inner  conductor. 

(2)  Coaxial  -k  with  carbon  coated  rod  and  discs. 

(3)  Coaxial  with  carbon  coated  rod  as  inner  conductor. 

(4)  Resistance  strip  in  wave  guide. 

(5)  Directional  coupler. 
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In  calibrating  microwave  attenuators  and  pads,  comparison  with  an 
accurately  calibrated  IF  attenuator,  using  a  heterodyne  test  set,  has  been 
found  to  give  excellent  results. 

RF  Cables  and  Connectors 

Flexible  RF  cables  for  connecting  test  equipment  to  equipment  under 
test  are  an  important  adjunct  of  field  testing.  At  frequencies  of  10,000  mc 
and  below,  flexible  coaxial  cables  of  about  .4"  over-all  diameter  with  solid 
or  stranded  inner  conductor,  solid  low-loss  dielectric  (polyethylene)  and 
braided  outer  conductor  have  been  used  satisfactorily,  although  in  the  upper 
part  of  this  range  special  measures  have  been  necessary  to  prevent  attenua- 
tion change  due  to  flexure  and  aging.  Over  most  of  this  range  coaxial  jack 
and  plug  connections  have  been  found  satisfactory  but  wave  guide  connectors 
are  preferable  at  the  upper  end.     In  the  range  above  10,000  mc,  coaxial 
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Fig.  24 — Radar  pulse  envelopes. 

cables  of  requisite  stability  have  not  yet  been  obtained  and  rubber  covered 
wave  guide  with  soldered  articulated  joints  is  the  best  form  of  flexible  cable 
now  available. 

Oscilloscopes 

Oscilloscopes  are  used  extensively  in  radar  maintenance  (a)  for  examina- 
tion of  video  waves  and  (b)  for  viewing  RF  envelopes.  Satisfactory  radar 
performance  depends  on  a  variety  of  video  wave  shapes  which  may  include 
trapezoidal  or  triangular  pulses,  sawtooth  waves,  square  waves  or  com- 
binations of  these.  Observation  of  these  wave  shapes,  supplemented  if 
necessary  by  measurements  of  amplitude  and  duration,  helps  in  diagnosing 
many  troubles. 

Examination  of  the  envelope  of  the  RF  pulse  is  a  convenient  but  less 
informative  alternative  to  spectrum  analysis.  The  envelope  should  be  a 
clean,  single  trace  of  good  shape.     Figure  24  shows  traces  sometimes  experi- 
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enced.  Double  moding,  i.e.,  oscillating  at  different  frequencies  on  different 
pulses,  is  shown  by  a  double  trace.  Frequency  jumping  during  a  pulse  is 
shown  by  a  break  in  the  envelope.  Misfiring  gives  a  base  line  under  the 
envelope.  Other  abnormalities  in  the  RF  envelope  may  result  from  in- 
correct video  wave  shape.  Observation  of  the  RF  envelope  requires  a 
rectifier,  usually  a  crj'stal,  together  with  a  suitable  video  amplifier.  Since 
limitation  of  the  scope  to  video  functions  permits  general  application  to 
radars  of  all  frequencies,  the  rectifier  is  generally  provided  externally. 

The  oscilloscopes  available  before  the  war  did  not  meet  the  requirements 
of  radar.  Fast  sweeps  were  necessary  to  permit  viewing  of  pulses  ranging 
from  several  microseconds  to  a  fraction  of  a  microsecond.  Amplifiers  were 
required  for  such  pulses  with  low  phase  and  amplitude  distortion  over  a 
broad  frequency  band.  Existing  methods  of  synchronizing  and  phasing 
sweeps  were  also  inadequate.  The  progress  of  the  oscilloscope  art  during 
the  war  is  illustrated  in  the  successive  designs  of  field  test  oscilloscopes 
shown  in  Fig.  25. 

The  BC910A  oscilloscope,  gotten  out  as  a  "stop  gap"  not  long  after  the 
attack  on  Pearl  Harbor,  incorporates  fast  sweeps  and  broad-band  amplifica- 
tion. Following  close  upon  this  was  the  BC1087A  (Navy  code  CW60AAY) 
which  replaced  sine  wave  synchronization  by  a  start-stop  sweep  triggered  by 
the  incoming  pulses.  This  feature  made  it  possible  to  superpose  the  erratic 
pulses  produced  by  spark  wheel  and  similar  pulsers  and  at  the  same  time 
avoided  external  synchronizing  connections.  A  valuable  feature  conjoined 
with  the  start-stop  sweep  was  a  delay  network  in  the  main  transmission  path 
which  gave  the  sweep  time  to  start  before  the  pulse  reached  the  cathode-ray 
tube.  This  oscilloscope  in  original  and  modified  form  has  seen  wide  ser\dce 
in  all  theaters.  However,  its  weight  of  more  than  60  pounds  was  a  handicap 
for  many  uses. 

Further  advances  in  oscilloscope  circuitry  and  in  weight  limitation  re- 
sulted in  TS-34/AP,  weighing  only  25  pounds.  This  combined  the  short 
pulse  features  of  the  previous  design  with  those  of  the  conventional  oscillo- 
scope for  viewing  slower  waves.  A  schematic  diagram  is  shown  in  Fig.  26. 
A  redesign,  coded  as  TS-34A/AP,  incorporated  variable  start-stop  sweeps 
and  improved  mechanical  design.  These  two  oscilloscopes,  TS-34  and  TS- 
34A,  were  produced  to  a  total  of  some  12,000  and  universally  used  by  all 
branches  of  the  service  for  both  radar  and  radio  testing.  Toward  the  end 
of  the  war  the  trend  toward  shorter  pulses,  coupled  with  the  need  for  precise 
measurement  of  wave  amplitude  and  duration,  led  to  a  new  design,  TS- 
239/UP,  which  embodied  wide  advances  over  TS-34A4n  performance  and 
versatility  but  with  an  increase  in  weight. 

In  association  with  different  oscilloscopes,  other  video  devices  have  been 
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employed.  The  amplitude  of  pulse  applied  to  the  magnetron  is  thousands 
of  volts.  To  derive  a  voltage  suitable  for  application  to  the  oscilloscope,  a 
voltage  divider  of  the  condenser  type  is  used  (TS-89/AP).  Suitable  video 
terminations,  dividers,  and  loads,  sometimes  of  high  voltage  and  power 
capacity,  are  required  to  obtain  proper  test  conditions  and  provide  con- 
venient test  points  (TS-98/AP,  TS-390/TPM-4,  TS-90/AP,  TS-234/UP). 
Originally  a  high-impedance  connection  to  the  oscilloscope  was  effected  by 
a  single-stage  amplifier  unit  (BC1167A),  but  a  simple  divider  type  of  probe 
was  later  found  more  satisfactory  for  this  purpose. 
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Fig.  26— Block  diagram  of  TS-34/AP  and  TS-34A/AP  oscilloscopes. 


Range  Calibration 

Types  of  timing  circuits  used  for  radar  range  determination  include  (a) 
multi-vibrators,  (b)  coil  and  condenser  oscillators  (generally  without  but 
sometimes  with  temperature  control)  and  occasionally  (c)  quartz  crystal 
oscillators.  The  first  two  depend  for  their  accuracy  on  condensers,  re- 
sistances, coils  and  other  elements  which  are  subject  to  error  due  to  aging, 
temperature,  humidity,  mechanical  damage  and  the  like.  Nor  is  the  quartz 
cr}-stal  oscillator  wholly  immune  to  error.  Consequently,  portable  range 
calibrators  are  required  for  field  maintenance. 
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TS-102A/AP  (Fig.  27)  and  its  predecessors  TS-102  and  TS-19  are  pre- 
cision calibrators  which  have  been  extensively  used  for  checking  a  large 
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Fig.  27— Block  diagram  of  TS-102/AP  and  TS-102A/AP  range  calibrators. 


Fig.  28— Two  test  sets  for  checking  the  cominiters  used  in  i)ombsight  and  fire  control 
radars. 


number  of  different  airborne  bombing  and  gunlaying  radars  and  shipborne 
lire  control  and  searcli  radars.     These  sets  deliver  accurately  spaced  marker 
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pulses,  derived  from  a  quartz  crystal  oscillator,  for  checking  the  radar  range 
pulses.  A  trigger  pulse  derived  from  a  multi-vibrator  synchronized  with  the 
quartz  oscillator  is  also  provided  for  actuating  the  radar  timing  circuits. 
With  certain  radars  the  calibration  procedure  requires  an  oscilloscope  as  well, 
l^xtreme  stability  of  marker  pulses,  better  than  ±.02  microsecond,  is  ob- 
tained. A  stop  watch  is  included  in  these  sets  for  checking  rate  of  change 
in  range. 

Less  precision  is  required  in  range  calibration  of  search  radars.  For  this 
purpose  the  TS-5/AP  calibrator  provides  marker  pulses  of  |,  1,  5  or  10 
nautical  or  statute  miles,  derived  from  a  coil  and  condenser  oscillator  with 
closely  controlled  temperature  coefficients.  This  calibrator  is  designed  to 
be  triggered  by  the  radar  or  some  other  external  source. 

Computer  Test  Sets,  Etc. 

A  number  of  radars  are  equipped  with  computers  which  receive  the  data 
on  location  of  target  and  its  direction  and  rate  of  change,  together  with 
essential  related  information  on  such  factors  as  wind  velocity,  ground  speed, 
altitude,  etc.,  and  deliver  the  solution  of  the  ballistic  problem  in  the  form 
of  a  voltage  which  releases  bombs,  points  the  guns  or  serves  other  purposes. 
Means  for  checking  the  accuracy  of  these  computing  devices  are  generally 
required.  The  type  of  test  set  needed  depends  upon  the  computer  design, 
which  has  taken  different  forms  according  to  the  nature  of  the  problem  and 
the  state  of  the  art. 

Two  types  of  computer  test  set  are  shown  in  Fig.  28.  TS-158/AP,  de- 
signed for  use  with  certain  airborne  bombing  radars,  furnishes  to  the  com- 
puter a  signal  representing  a  target  approaching  at  known  speed  and  checks 
the  accuracy  of  bomb  release.  TS-434/UP,  designed  for  several  airborne 
and  ground  radars,  is  an  accurate  instrument  for  determining  the  voltage 
ratios  at  various  points  in  a  computer  and  thus  checking  its  performance. 

Conclusion 

More  than  200  different  designs  of  test  sets  were  developed  during  the 
war  by  Bell  Laboratories  to  meet  the  exacting  requirements  of  radar  field 
maintenance.  These  differed  radicall}-  from  previous  art.  Outstanding 
features  were  portability,  precision  and  generality  of  application.  The 
large  number  of  designs  is  due  partly  to  the  varied  functions  of  radar  and  to 
the  varied  conditions  of  use.  Largely,  however,  it  results  from  the  fact 
that  the  frequency  band  that  can  be  handled  in  any  one  set  is  limited, 
whereas  many  frequency  ranges  and  subranges  had  to  l)e  covered  in  all. 

Altogether  more  than  75,000  radar  test  sets  were  manufactured  by 
Western  Electric  Company  and  these  were  used  in  all  theatres  of  war  by  the 
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United  Nations  forces.  The  production  rate  at  the  end  of  the  war  exceeded 
5,000  test  sets  a  month.  In  numerous  cases,  moreover,  small  preproduction 
quantities  of  test  equipment  were  built  on  a  "crash"  basis  for  special  mis- 
sions and  for  training  purposes.  The  test  equipment  produced  for  the  field 
had  to  be  more  precise  than  the  radars,  and  the  equipment  used  in  the  factory 
and  laboratory  to  test  the  field  test  equipment  had  to  be  still  more  precise. 
Trends  of  development  at  war's  end  were  toward  (a)  further  broad-band- 
ing, simplification  and  precising,  and  (b)  coverage  of  new  frequency  ranges. 
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Performance  Characteristics  of  Various  Carrier  Telegraph 

Methods 

By  T.  A.  JONES  and  K.  W.  PFLEGER 

This  paper  describes  laboratory  tests  of  certain  carrier  telegraph  methods,  to 
determine  their  relative  advantages  from  the  standpoints  of  signal  speed,  and 
sensitivity  to  level  change,  carrier  frequency  drift,  interchannel  interference,  and 
line  noise. 

Introduction 

MOST  of  the  carrier  telegraph  methods  mentioned  below  are  well 
known,^ '2 -^ -^ -^  but  the  selection  of  the  best  method  for  a  particular 
application  is  difficult  without  comparative  tests  on  specific  designs.  It  is 
the  purpose  of  this  paper  to  record  data  taken  during  such  tests  and  to  ex- 
plain the  results  so  that  they  may  be  helpful  to  those  concerned  with  the 
selection  of  the  optimum  method  for  a  given  set  of  requirements. 

The  conclusions  here  reached  regarding  methods  of  telegraph  transmis- 
sion do  not  necessarily  apply  to  transmission  of  sound,  pictures,  or  television, 
because  their  requirements  differ.  In  telegraph  transmission  it  is  important 
that  signal  transitions  be  received  at  approximately  the  correct  times,  and 
wave  rounding  is  permissible. 

Computations  for  a  square  cut-off  band-pass  filter  with  zero  phase  distor- 
tion^ show  that  the  shape  and  duration  of  the  transient  in  the  received  wave 
are  about  the  same  for  a  sudden  transition  in  both  on-off  and  frequency-shift 
arrangements  (explained  in  the  next  section),  when  the  total  frequency  shift 
is  not  more  than  half  the  channel  width.  As  telegraph  distortion  depends 
largely  upon  the  transient,  one  might  therefore  infer  that,  if  the  transients 
are  about  alike,  there  is  no  particular  advantage  in  frequency-shift  over  the 
on-off  method  as  far  as  signal  speed  is  concerned.  However,  the  computa- 
tion for  the  idealized  filter  gives  no  assurance  that  a  physical  filter  will  per- 

1  H.  Nyquist:  "Certain  Topics  in  Telegraph  Transmission  Theory",  A.  I.  E.  E.  Trans., 
Vol  47,  pp.  617-644,  April  1928. 

^H.  Nyquist  and  K.  \V.  Pfleger:  "Effect  of  Quadrature  Component  in  Single  Side- 
band Transmission",  Bell  System  Technical  Journal,  Vol.  XIX,  pp.  63-73,  Jan.   1940. 

'  E.  H.  Armstrong:  "Methods  of  Reducing  the  Effect  of  Atmospheric  Disturbances", 
Proc.  I.  R.  E.,  Jan.  1928,  pp.  15-26. 

^  J.  R.  Carson:  "Reduction  of  Atmospheric  Disturbances",  Proc.  I.  R.  E.,  July  1928, 
pp.  966-975. 

'  F.  B.  Bramhall  &  J.  E.  Boughtwood:  "Frequency  Modulated  Carrier  Telegraph 
System",  Eieclrical  Engineering,  Vol.  61,  No.  1,  Jan.  1942,  Transactions  Section,  pp.  36-39. 

•  Fig.  3  of  H.  Salinger:  "Transients  in  Frequency  Modulationf ,  Proc.  I.  R.  E.,  August 
1942,  pp.  378-383. 
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form  thus.  In  order  to  investigate  this  experimentally,  as  well  as  other 
factors  that  concern  the  choice  of  method,  the  effects  on  telegraph  transmis- 
sion of  interchannel  interference  and  of  varying  the  signaling  speed,  trans- 
mission level,  mean  carrier  frequency,  and  line  noise,  were  determined  for 
several  different  methods,  using  the  same  channel  filters.  In  order  to  test 
the  two-band  methods*  using  the  same  frequency  range  occupied  by  the 
one-band  arrangements,  narrow-band  filters  would  be  required  to  divide  the 
frequency  range  into  two  parts.  Since  such  filters  were  not  available,  it 
was  necessary  to  use  two  adjacent  frequency  bands  each  similar  to  that  used 
with  the  on-o£f  method.  However,  some  tests  were  made  of  a  two-band 
arrangement  using  somewhat  narrower  filter  pass  bands. 

A  special  wide-band  frequency-shift  arrangement  using  filters  of  about 
twice  the  band  width  of  the  other  frequency-shift  arrangement,  was  tested 
mainly  in  order  to  observe  the  effect  of  band  width  on  sensitivity  to  noise 
and  interference. 

In  all  of  the  noise  tests,  thermal  or  resistance  noise  was  used.  With  noise 
of  the  impulse  type  it  is  possible  that  somewhat  different  results  would  have 
been  obtained,  but  it  is  believed  that  the  difference  would  not  have  been 
great. 

Conclusions 

A  study  of  the  test  results  leads  to  the  following  conclusions  which  apply 
for  the  conditions  assumed,  and  which  are  thought  to  be  of  general  applica- 
tion, except  for  modifications  which  may  be  made  necessary  by  future  tech- 
nical advances : 

1.  There  is  no  important  advantage  in  frequency-shift  carrier  telegraph 
over  the  on-off  method  as  used  in  the  Bell  System  for  stable,  quiet  cir- 
cuits, either  wire  or  radio.  However,  the  frequency-shift  method  shows 
some  improvement  in  operating  through  noise.  The  frequency-shift 
method  has  disadvantages  as  regards  complication  and  cost.  Further- 
more, it  may  be  seriously  affected  by  carrier  frequency  drift  and 
interchannel  interference,  although  the  effects  of  these  can  be  mitigated 
to  some  extent  by  special  devices. 

2.  For  high-frequency  radio  transmission  over  long  distances,  which  is 
subject  to  comparatively  severe  non-selective  fading,  a  great  advantage 
is  realized  from  the  use  of  frequency-shift  telegraphy  with  a  fast  receiv- 
ing limiter  instead  of  the  conventional  "continuous  wave"  or  on-off 
method.  For  satisfactory  operation  it  is  still  necessary  that  the  signal 
level  be  kept  sufficiently  higher  than  the  noise  level  in  the  transmission 
band. 

*  See  the  section  entitled  "Explanation  of  Terms". 
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?>.  Single-sideband  lelegrapliy  has  an  advantage  of  providing  somewhat 
higher  speeds  without  increasing  the  band  width.  Whether  it  holds 
much  promise  for  any  general  application  in  multi-channel  systems 
utilizing  narrow  bands  and  moderate  signal  speeds  is  questionable  in 
view  of  certain  difficulties.  For  a  single-channel  high-speed  circuit, 
single-sideband  telegraphy  might  be  found  worth  while  from  the  stand- 
point of  economical  use  of  the  frequency  spectrum. 

4.  Certain  other  arrangements  tested  possessed  some  characteristics  which 
have  advantage  under  particular  conditions.  For  example,  two-band 
arrangements  may  sometimes  be  conveniently  obtained  by  combining 
existing  on-off  arrangements.  These  two-band  arrangements  are  capa- 
ble of  furnishing  high-grade  service  over  radio  circuits  subject  to  severe 
fading.  The  use  of  a  single  source  of  carrier  instead  of  two  sources  on 
a  two-band  arrangement  results  in  a  substantial  transmission  improve- 
ment. The  performance  then  is  comparable  to  that  of  a  single-band 
frequency-shift  channel  occupying  the  same  frequency  space. 

A  more  complete  discussion  of  the  results  is  given  under  the  heading 
"Summary  of  Results",  at  the  end  of  this  paper. 

Explanation  of  Terms 

The  following  is  intended  to  explain  what  is  meant  by  certain  terms  used 
in  this  paper.  They  apply  specifically  to  carrier  telegraph  operation  in  the 
voice  range  but,  in  general,  they  could  also  apply  to  radio  telegraphy.  (It 
will  be  appreciated  that  various  other  combinations  of  the  instrumentalities 
involved  in  the  present  discussion  could  be  used.) 

Channel 

A  telegraph  channel  is  a  path  which  is  suitable  for  the  transmission  of 
telegraph  signals  between  two  telegraph  stations.  In  the  present  discussion 
the  term  "channel"  is  restricted  to  mean  one  of  a  number  of  paths  for  simul- 
taneous transmission  in  different  frequency  ranges  as  in  carrier  telegraphy, 
each  channel  consisting  of  an  arrangement  of  carrier  telegraph  equipment 
designed  for  the  transmission  of  one  message  at  a  time,  in  only  one  direction. 

On-Off  Method 

This,  the  most  common  form  of  amplitude  modulation,  is  the  same  as 
"continuous  wave"  in  radio  telegraphy.  It  is  a  method  of  signaling  over  a 
channel  utilizing  a  single  carrier  frequency,  normally  located  at  the  center  of 
the  transmission  band  of  the  channel  filters.  The  presence  of  carrier  current 
on  the  line  corresponds  to  the  marking  condition  of  the  channel,  and  its 
absence,  to  the  spacing  condition.     .A  Fourier  analysis  of  the  line  current 
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during  signaling  would  show  a  steady  carrier  frequency  component  and  sub- 
stantially symmetrical  upper  and  lower  sideband  frequency  components. 

Single-Sideband  Method 

This  is  similar  to  the  method  just  described  except  that:  (1)  the  carrier 
frequency  is  located  near  one  boundar>-  of  the  channel  filters,  so  that  during 
signal  transmission  one  of  the  sidebands  is  attenuated  much  more  than  the 
other  before  the  signals  reach  the  line,  and  (2)  during  the  spacing  condition, 
carrier  current  may  be  either  absent  from  the  line,  or  present  with  amplitude 
less  than  that  of  marking  current.  (The  latter  condition  tends  to  reduce 
that  part  of  the  distortion  which  is  due  to  the  quadrature  component.^) 

Frequency-Shift  Method 

This  is  a  method  of  signaling  over  a  channel  utilizing  a  carrier  current  of 
substantially  constant  amplitude  from  a  frequency-modulated  oscillator. 
The  carrier  current  has  no  phase  discontinuity  and  its  instantaneous  fre- 
quency varies  between  two  limits  within  the  transmission  band.  In  the 
present  discussion  the  two  limits,  symmetrically  located  in  the  transmission 
band,  correspond  respectively  to  the  marking  and  spacing  conditions  of  the 
channel.  Variation  of  the  instantaneous  frequency  may  be  abrupt  or  grad- 
ual, for  example,  sinusoidal.  Throughout  this  paper  the  reader  should 
assume  that  the  variation  is  substantially  abrupt  except  where  otherwise 
indicated.  At  the  receiving  terminal  the  variable  frequency  signals  are 
converted  to  amplitude-modulated  signals  by  means  of  a  frequency  detector. 

Two-Source  Method 

This  is  also  a  frequency-shift  method,  but  it  differs  from  that  described 
above  in  that  it  is  made  up  by  combining  two  on-off  channels,  each  supplied 
with  carrier  current  of  a  different  but  substantially  constant  frequency  from 
a  separate  source.  In  the  present  discussion  each  of  the  two  on-off  channels 
has  a  separate  oscillator  and  occupies  a  different  frequency  band  on  the  same 
line,  and  the  sending  relays  of  the  channels  have  their  operating  windings 
differentially  inter-connected  so  that  one  oscillator  delivers  current  to  the 
line  during  marks,  and  the  other  during  spaces.  Thus  the  marking  and 
spacing  signals  are  confined  to  separate  frequency  bands  on  the  line.  This 
is  sometimes  referred  to  as  two-band  operation.  The  switching  takes  place 
abruptly.  No  attempt  is  made  to  control  the  phases  of  the  two  sources. 
Therefore  phase  discontinuities  are  likely  to  occur  at  the  instants  of  switch- 
ing, causing  brief  transients  of  varying  shapes  in  the  line  current.  The  out- 
put circuits  of  the  two  receiving  detectors  are  differentially  interconnected 
to  obtain  polar  signals  for  the  operation  of  a  common  receiving  relay.  - 
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One-Source  Two-Band  Method 

This  is  also  a  frequency-shift  method,  and  is  substantially  the  same  as  the 
two-source  method  except  that  a  single  frequency-modulated  oscillator  is 
used  at  the  sending  end  instead  of  two  oscillators,  and  thus  there  is  no  phase 
discontinuity  in  the  sent  signals. 
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Fig.  1 — Loss  characteristics  of  channels  tested,  including  sending  and  receiving 
filters  and  two  repeating  coils. 

These  methods  w^ill  be  more  clearly  understood  from  the  following  descrip- 
tion of  apparatus. 

Apparatus 
Channel  Filter  Characteristics 

In  Fig.  1,  curve  A  represents  the  loss  vs.  frequency  characteristic  of  the 
majority  of  channels  used  in  the  tests,  including  both  sending  and  receiving 
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filters  and  associated  repeating  coils.  The  two-source  arrangements  each 
occupied  two  such  bands  with  midband  frequencies  spaced  170  cycles  apart, 
except  in  the  case  of  the  narrow-band  two-source  arrangement  which  occu- 
pied two  bands  having  characteristics  similar  to  curve  C  with  midband 
frequencies  spaced  120  cycles  apart.  Curve  B  represents  the  loss  vs.  fre- 
quency characteristic  of  the  wide-band  frequency-shift  arrangement,  having 
approximately  twice  the  band  width  of  curve  A.  These  characteristics  were 
all  measured  between  600-()hm  terminations,  without  adjacent  channel 
filters  present. 

Oii-Ojf  Terminal  Apparatus 

Figure  2  shows  in  block  form  the  different  circuit  arrangements  tested, 
together  with  the  location  of  the  carrier  frequencies  in  the  transmitted  bands. 
In  the  on-off  arrangement,  the  oscillator  transmitted  1955-cycle  current  to 
a  modulator  which  contained  a  polar  telegraph  relay  controlled  by  signals 
from  the  local  sending  loop.  During  spacing  signals  this  relay  short-cir- 
cuited the  carrier  supply,  and  during  marking  signals  it  allowed  the  carrier 
current  to  flow  through  the  sending  band-pass  filter  to  the  adjustable  resist- 
ance line. 

When  it  was  desired  to  measure  the  effect  of  interference  from  other  chan- 
nels working  in  adjacent  pass  bands,  their  terminal  equipment  was  added  by 
connecting  the  line  sides  of  their  sending  or  receiving  filters  to  the  common 
sending  or  receiving  bus  (See  dashed  lines  designated  "bus"  in  Fig.  2),  so 
that  all  the  channels  would  transmit  over  the  same  line. 

After  the  carrier  signals  passed  through  the  receiving  filter  connected  to 
the  output  of  the  line,  they  were  converted  by  a  detector-amplifier  into  direct 
current  for  operating  a  polar  receiving  relay,  which,  in  the  absence  of  incom- 
ing signals,  was  held  on  its  spacing  contact  by  local  biasing  current.  The 
receiving  relay  contacts  transmitted  into  the  local  receiving  loop. 

Single-Sideband  Terminal  Apparatus 

In  testing  the  single-sideband  arrangement  shown  in  Fig.  2,  the  terminal 
equipment  of  the  on-off  arrangement  was  used  and  the  carrier  frequency  was 
placed  43  cycles  above  midband,  at  1W8  cycles.  In  some  of  the  tests  the 
modulator  was  modified  to  transmit  during  spacing  intervals  a  carrier  cur- 
rent 6  db  below  its  marking  value.  Since  the  loss  in  the  receiving  filter  was 
greater  at  the  edge  of  the  band  than  at  the  center,  it  was  necessar}'  to  in- 
crease the  gain  of  the  linear  detector-amplifier  in  order  to  have  the  same 
change  of  current  in  the  line  winding  of  the  receiving  relay  of  the  single  side- 
band arrangement  as  in  the  on-off  arrangement.  A  further  increase  in  the 
detector-amplifier  gain  was  necessary  when  the  single-sideband  arrangement 
was  operated  with  spacing  carrier  6  db  below  the  marking  carrier. 
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Frcqiiouy-Shijl  Terminal  .  I  pparaius 

In  most  of  tlic  tests  on  the  frequency-shift  arrangement  shown  in  Fig.  2, 
the  oscillator  frequency  was  caused  to  vary  abruptly  by  a  relay  modulator. 
The  sending  relay  was  of  the  same  type  as  used  in  the  on-off  arrangement  and 
varied  the  tuning  capacity  of  the  oscillator.  For  some  other  tests  the  fre- 
quency variation  was  made  more  gradual  by  converting  the  sent  signals  into 
polar  signals  and  passing  these  through  a  low-pass  filter  in  order  to  round  the 
wave  so  that  the  pulses  had  an  approximately  sinusoidal  shape  during 
reversals  and  attained  steady-state  value  only  at  the  center  of  each  pulse. 
These  polar  signals  were  used  to  control  the  plate  resistance  of  either  of  two 
diodes,  thereby  connecting  a  positive  or  negative  reactance  across  the  tuned 
circuit  of  the  oscillator.'^  This  caused  the  oscillator  frequency  to  be  either 
increased  or  decreased  in  proportion  to  the  amplitude  change  of  the  control 
current.  During  most  of  the  tests  the  spacing  frequency  was  1920  cycles 
and  the  marking  frequency  was  1990  cycles,  both  equally  spaced  from  the 
midband  frequency,  1955  cycles.  The  oscillator,  when  on  marking  fre- 
quency, was  set  to  produce  one  milliwatt  into  the  600-ohm  resistance  artiti- 
cial  line.  After  passing  through  the  receiving  filter  connected  to  the  output 
of  the  artificial  line,  the  signals  entered  a  limiter  (unless  otherwise  stated) 
delivering  an  output  current  which  was  practically  constant  for  input  levels 
between  —55  and  +25  dbm.  From  the  limiter  the  signal  passed  into  a 
frequency  discriminator  circuit  having  two  output  branches,  each  of  which 
was  connected  to  a  diode  detector  tube  followed  by  a  low-pass  filter.  The 
two  discriminator  branch  circuits  in  combination  with  their  detectors  and 
low-pass  filters  had  output  amplitude  vs.  input  frequency  characteristics  of 
opposite  slopes.  After  differential  recombination  of  the  two  low-pass  filter 
outputs,  the  resultant  characteristic  was  linear  over  the  range  of  fundamental 
frequencies  transmitted  by  the  limiter.  The  differentially  recombined  wave 
in  the  final  d-c  amplifier  had  an  amplitude  substantially  proportional  to  the 
instantaneous  deviation  from  the  average  value  of  the  received  carrier  fre- 
quency over  a  range  of  ±  70  cycles.  (Some  calculations  by  one  of  the 
writers  indicate  that  the  use  of  discriminators  of  this  type  is  helpful  in 
reducing  characteristic  telegraph  distortion.)  In  most  of  the  tests  the  low- 
pass  filters  associated  with  the  detector  output  had  a  cut-off  frequency  (about 
503  cycles)  low  enough  to  suppress  the  carrier  but  high  enough  not  to  affect 
the  telegraph  transmission.  The  final  d-c  amplifier  was  substantially  linear 
and  increased  the  d-c  wave  to  a  suitable  value  for  operating  the  polar  receiv- 
ing relay. 

The  wide-band  frequency-shift  arrangement  was  similar  to  that  just  de- 
scribed, except  for  the  change  in  filters  and  tuning  of  the  sending  oscillator 
and  the  discriminator.     The  spacing  frequency  was  2055  cycles  and  the 
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Frcqiioiry-Shift  Trrniiiial  Apparatus 

In  most  of  the  tests  on  the  frequency-shift  arrangement  shown  in  Fig.  2, 
the  oscillator  frequency  was  caused  to  vary  abruptly  by  a  relay  modulator. 
The  sending  relay  was  of  the  same  type  as  used  in  the  on-off  arrangement  and 
varied  the  tuning  capacity  of  the  oscillator.  For  some  other  tests  the  fre- 
quency variation  was  made  more  gradual  by  converting  the  sent  signals  into 
polar  signals  and  passing  these  through  a  low-pass  filter  in  order  to  round  the 
wave  so  that  the  pulses  had  an  approximately  sinusoidal  shape  during 
reversals  and  attained  steady-state  value  only  at  the  center  of  each  pulse. 
These  polar  signals  were  used  to  control  the  plate  resistance  of  either  of  two 
diodes,  thereby  connecting  a  positive  or  negative  reactance  across  the  tuned 
circuit  of  the  oscillator.'^  This  caused  the  oscillator  frequency  to  be  either 
increased  or  decreased  in  proportion  to  the  amplitude  change  of  the  control 
current.  During  most  of  the  tests  the  spacing  frequency  was  1920  cycles 
and  the  marking  frequency  was  1990  cycles,  both  equally  spaced  from  the 
midband  frequency,  1955  cycles.  The  oscillator,  when  on  marking  fre- 
quency, was  set  to  produce  one  milliwatt  into  the  600-ohm  resistance  artifi- 
cial line.  After  passing  through  the  receiving  filter  connected  to  the  output 
of  the  artificial  line,  the  signals  entered  a  limiter  (unless  otherwise  stated) 
delivering  an  output  current  which  was  practically  constant  for  input  levels 
between  —55  and  +25  dbm.  From  the  limiter  the  signal  passed  into  a 
frequency  discriminator  circuit  having  two  output  branches,  each  of  which 
was  connected  to  a  diode  detector  tube  followed  by  a  low-pass  filter.  The 
two  discriminator  branch  circuits  in  combination  with  their  detectors  and 
low-pass  filters  had  output  amplitude  vs.  input  frequency  characteristics  of 
opposite  slopes.  After  differential  recombination  of  the  two  low-pass  filter 
outputs,  the  resultant  characteristic  was  linear  over  the  range  of  fundamental 
frequencies  transmitted  by  the  limiter.  The  differentially  recombined  wave 
in  the  final  d-c  amplifier  had  an  amplitude  substantially  proportional  to  the 
instantaneous  deviation  from  the  average  value  of  the  received  carrier  fre- 
quency over  a  range  of  ±  70  cycles.  (Some  calculations  by  one  of  the 
writers  indicate  that  the  use  of  discriminators  of  this  type  is  helpful  in 
reducing  characteristic  telegraph  distortion.)  In  most  of  the  tests  the  low- 
pass  filters  associated  with  the  detector  output  had  a  cut-off  frequency  (about 
503  cycles)  low  enough  to  suppress  the  carrier  but  high  enough  not  to  affect 
the  telegraph  transmission.  The  final  d-c  amplifier  was  substantially  linear 
and  increased  the  d-c  wave  to  a  suitable  value  for  operating  the  polar  receiv- 
ing relay. 

The  wide-band  frequency-shift  arrangenit-nt  was  similar  to  that  just  de- 
scribed, except  for  the  change  in  filters  and  tuning  of  the  sending  oscillator 
and  the  discriminator.     The  spacing  frcquenc>-  was  2055  cycles  and  the 
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marking  frequency  was  2195  cycles  which  were  equally  spaced  from  the 
midband  frequency,  2125  cycles.  In  this  arrangement  a  limiter  was  always 
used  at  the  receiving  terminal.  The  discriminator  was  adjusted  to  be 
linear  over  twice  the  frequency  range  of  the  previously  described  discrimina- 
tor, and  the  slope  of  the  new  discriminator  characteristic  was  adjusted  to  give 
the  same  marking  or  spacing  output  as  before.  The  wide-band  frequency- 
shift  arrangement  was  also  tested  with  low-pass  filters  associated  with  the 
detector  outputs  which  had  a  cut-off  frequency  (about  58  cycles)  low  enough 
to  give  a  distortion  vs.  speed  characteristic  close  to  that  obtained  on  the 
normal-band  frequency-shift  arrangement.  The  loss  of  each  of  these  low- 
pass  filters  was  about  10  db  at  58  cycles.  Since  each  filter  consisted  of  only 
one  section  the  cut-off  was  gradual. 

Two-Source  Terminal  Apparatus 

The  sending  circuits  of  the  two-source  arrangement  shown  in  Fig.  2  in- 
cluded separate  oscillators  of  different  frequency  for  marking  and  spacing 
signals.  Two  sending  relays  were  operated  in  synchronism  by  the  signals  in 
the  sending  loop.  The  relay  contacts  were  so  connected  that  marking  car- 
rier was  transmitted  to  a  marking  band-pass  filter  and  spacing  carrier  was 
cut  off  from  a  spacing  band-pass  filter,  or  vice  versa.  Thus  either  the 
marking  or  the  spacing  carrier  frequency  was  transmitted  to  the  line  at 
any  instant.  At  the  receiving  end  of  the  line  the  incoming  signals  flowed 
through  two  receiving  filters,  one  passing  the  marking  current  and  the  other 
passing  the  spacing  current.  When  a  limiter  was  not  used,  the  outputs  of 
these  filters  were  connected  directly  to  separate  amplifiers,  detectors  and 
low-pass  filters.  The  rectified  marking  and  spacing  signals  were  combined 
differentially,  passed  through  a  push-pull  d-c  amplifier,  and  operated  the 
receiving  relay  just  as  in  the  frequency-shift  arrangement.  When  a  limiter 
was  used  the  outputs  of  the  receiving  filters  were  recombined  and  passed 
through  the  limiter,  after  which  they  were  agam  separated  by  means  of 
additional  band-pass  filters  whose  losses  were  about  half  those  of  the  receiv- 
ing band-pass  filters.  The  two-source  arrangement  was  tested  both  with  and 
without  limiter  when  the  loss  characteristics  of  the  spacing  and  marking 
paths  were  each  similar  to  curv^e  A  of  Fig.  1  and  had  midband  frequencies  of 
1785  and  1955  cycles,  respectively. 

The  two-source  arrangement  with  limiter  also  was  tested  with  filters 
having  loss  characteristics  for  the  spacing  and  marking  paths  each  similar 
to  curve  C  of  Fig.  1,  and  having  midband  frequencies  of  1980  and  2100 
cycles,  respectively.  This  arrangement  occupied  a  frequency  band  approxi- 
mately 12/17  that  used  for  the  two-source  arrangement  with  filters  having 
characteristics  similar  to  curve  A. 
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One-Source  Two-Band  Terminal  Apparatus 

The  one-source  two-band  sending  circuit  was  similar  to  that  of  the  fre- 
quency-shift arrangement  with  relay  modulator,  except  that  the  frequency 
shift  was  170  cycles,  and  the  marking  and  spacing  frequencies  were  adjusted 
to  be  at  the  centers  of  the  pass  bands  of  the  marking  and  spacing  sending 
filters,  as  shown  in  Fig.  2.  The  receiving  circuit  was  the  same  as  that  used 
for  the  two-source  arrangement.     A  limiter  was  always  used. 

Telegraph  Transmission  Measuring  Apparatus 

In  all  of  the  tests,  the  d-c  open-and-close  signals  in  the  local  sending  loop 
were  substantially  rectangular  and  consisted  either  of  reversals  (a  succession 
of  alternate  marks  and  spaces  of  equal  duration)  or  of  the  test  sentence:  the 

QUICK  BROWN  FOX  JUMPED  OVER  A  LAZY  DOG's  BACK  1234567890  BTL  SEND- 
ING. The  customary  7.42  unit  teletypewriter  code  was  used,  consisting  of  a 
stop  pulse,  a  start  pulse,  and  five  code  pulses  per  character^  The  distribu- 
tors supplying  these  signals  were  driven  by  synchronous  motors  controlled 
by  an  adjustable  frequency  oscillator.  The  speeds  utilized  experimentally 
ranged  from  60  to  180  words  per  minute  (about  23  to  68  dots  per  second). 

In  order  to  measure  the  telegraph  distortion  of  the  signals  obtained  in  the 
receiving  loop,  a  cathode-ray  tube  distortion  measuring  set  was  used  which 
measured  maximum  total  distortion  in  per  cent  of  a  unit  pulse  in  much  the 
same  manner  as  a  start-stop  distortion  measuring  set  previously  described^ 
except  that  electronic  circuits  were  used  to  replace  the  distributor  and  all 
but  one  relay,  which  made  possible  precise  measurements  over  a  wide  range 
of  speeds.  The  bias  of  received  signals  was  measured  on  reversals  by  means 
of  a  highly  damped  zero-center  d-c  milliammeter  inserted  in  the  receiving 
loop. 

Source  of  Resistance  Noise 

In  order  to  measure  the  effect  of  line  noise,  resistance  noise  was  reproduced 
from  a  phonograph  record,  amplified,  and  combined  with  the  carrier  signals 
by  means  of  a  symmetrical  three-way  pad  (part  of  the  artificial  line).  A 
variable  attenuator  was  used  to  regulate  the  amount  of  noise  entering  the 
line.  The  r.m.s.  noise  power  or  marking  carrier  power  was  measured  with  a 
thermocouple. 

Measuring  Precision 

The  signals  generated  by  the  dot  and  test  sentence  distributors  were  dis- 
torted less  than  3  per  cent  of  a  dot  length.     As  these  distributors  were  of  a 

'  E.  F.  Watson :  "Fundamentals  of  Teletypewriters  Used  in  the  Bell  System",  Bell  Sys. 
Tech.  Jour.,  Vol.  XVII,  Oct.  1938,  pp.  620-639. 

s  R.  B.  Shanck,  F.  A.  Cowan,  S.  I.  Cory:  "Recent  Developments  in  the  Measurement 
of  Telegraph  Transmission",  Bell  Sys.  Tech.  Jour.,  Vol.  XVIII,  Jan.  1939,  p.  149. 
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commercial  type,  they  are  believed  to  be  representative.  This  distortion 
was  erratic,  depending  upon  the  speed  and  wear  of  brushes  and  commutators. 
The  distortion  measured  at  the  receiving  relay  could  not  be  corrected  by  sub- 
tracting the  distortion  of  the  sent  signals  because  during  miscellaneous 
signals  maximum  distortion  in  the  received  signals  might  occur  on  a  different 
transition  from  that  in  the  sent  signals.  The  small  errors  which  existed  in 
the  sent  signals  are  therefore  believed  to  have  been  neither  serious  in  their 
effect  on  the  measured  distortion,  nor  the  sole  cause  of  irregularity  in  the 
data. 

The  accuracy  of  the  distortion  measuring  set  itself  was  in  the  order  of  1  per 
cent,  as  determined  by  measuring  known  amounts  of  bias  in  signals  sent  from 
a  special  distributor.  Usually  two  observers  took  independent  readings 
which  were  required  to  check  closely  or  the  observations  were  repeated.  The 
average  of  the  two  observations  was  taken  as  the  final  measurement. 

Although  the  line  loss  was  constant  in  these  tests,  amplifiers,  oscillators, 
power  packs,  and  telegraph  batteries  were  subject  to  slight  voltage  varia- 
tions. Precautions  were  taken  to  reduce  all  variables  as  far  as  was  practica- 
ble, yet  it  seems  likely  that  the  telegraph  transmission  measurements  may 
be  slightly  in  error  due  to  such  variations. 

The  individual  sources  of  error  mentioned  in  the  last  three  paragraphs 
seem  reasonable  and  sufficient  to  account  for  most  of  the  irregularities  in  the 
following  curves  of  telegraph  transmission  vs.  speed.  Yet  it  did  not  seem 
fair  to  draw  smooth  curves  and  neglect  the  irregularities,  because  these  can 
also  be  due  to  the  telegraph  system  itself,  as  was  found  by  careful  and  re- 
peated measurements.  For  example,  it  is  known  that  relay  performance  is 
erratic  and  depends  upon  the  speed.  Chattering  of  relay  contacts  and 
periodic  vibration  of  the  armature  have  appreciable  effect  upon  the  distor- 
tion and  can  cause  irregularities  in  distortion  vs.  speed  characteristics, 
particularly  at  the  higher  speeds.  Furthermore,  such  irregularities  may  not 
be  wholly  reproducible  in  repeated  measurements  due  to  changes  in  the  relay 
temperature  or  contact  surfaces  and  due  to  the  occasional  readjustments  of 
relays.  Another  cause  of  irregularities  in  a  distortion  vs.  speed  characteristic 
may  be  the  loss  and  phase  characteristics  of  the  channel  filters.  For  example, 
consider  an  ideal  transducer^  which  is  distortionless  at  a  speed  s  near  the 
cut-oflf.  It  is  also  distortionless  at  speeds  such  as  s/2,  s/3,  s/4,  s/5,  etc.  At 
intermediate  speeds  distortion  may  exist,  so  that  a  curve  of  distortion  vs. 
speed  would  show  irregularities  with  minima  at  these  optimum  speeds. 
(Some  computations  by  one  of  the  writers  for  a  frequency-shift  arrangement 
using  idealized  filters  show  irregularities  in  the  distortion  vs.  duration  curve 
for  a  single  dot.)  No  attempt  was  made  to  shape  the  channel  filter  charac- 
teristics to  be  perfectly  distortionless  at  a  particular  speed;  and  it  seems 
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reasonable  that  there  could  likewise  be  a  number  of  speeds  where  maxima 
and  minima  occur  in  the  distortion. 

It  is  practically  impossible  to  sift  out  and  measure  all  causes  of  irregulari- 
ties in  a  reasonable  time.  Therefore  the  irregularities  have  been  shown 
exactly  as  measured  in  all  the  following  curves  wherein  noise  and  interchan- 
nel  interference  were  absent. 

Transmission  fluctuations  due  to  the  causes  just  mentioned  were  small 
compared  to  those  encountered  when  strong  interference  or  noise  was  pres- 
ent, because  the  latter  varied  greatly  with  time.  In  resistance  noise,  for 
example,  peaks  of  great  amplitude  occur  occasionally,  although  most  of  the 
time  the  fluctuations  are  relatively  minor.  It  was  necessary  to  observe  for 
several  minutes  the  distortion  measured  in  the  presence  of  resistance  noise 
before  one  could  be  sure  of  finding  anything  approaching  the  maximum  dis- 
tortion; and  the  longer  the  period  of  observation,  the  greater  was  the  peak 
distortion.  In  order  to  complete  the  testing  in  a  reasonable  time,  watching 
periods  were  restricted  to  five  minutes  per  observer  and  his  maximum  distor- 
tion reading  was  recorded.  The  results  of  two  such  obser\'ation  periods  for 
the  same  noise  condition  were  averaged  to  determine  a  point  for  an  experi- 
mental curve  of  distortion  vs.  noise-to-carrier  ratio.  Such  points  when 
plotted  failed  to  lie  in  a  perfectly  smooth  curve,  but  a  smooth  curve  disre- 
garding irregularities  was  drawn  through  the  available  points  in  what  was 
estimated  to  be  the  correct  location.  The  curves  are  described  under  the 
heading  "Xoise  Tests"  and  may  be  used  for  comparison  purposes,  but  are 
not  an  exact  measure  of  the  worst  distortion  to  be  expected  over  a  long 
period  of  time.  A  similar  procedure  was  followed  for  distortion  measure- 
ments with  interchannel  interference. 

Distortion  vs.  Speed  Tests 

The  distortion  mentioned  throughout  this  paper  is  the  absolute  value  of 
the  maximum  total  distortion  measured  with  the  test  sentence,  and  for 
brevity  is  merely  called  distortion.  Except  where  otherwise  specified,  the 
arrangements  were  previously  adjusted  to  have  zero  bias  on  reversals  at  the 
same  speed.  In  these  tests  line  noise  and  interchannel  interference  were 
absent. 

Frequency-Slnft  A  rrangemeuts 

Limiler 

Some  preliminary  measurements  on  a  frequency-shift  arrangement  having 
the  loss  characteristic  of  curve  A  of  Fig.  1,  with  carrier  varied  abruptly  from 
1920  to  1990  cycles,  showed  that  the  limiter  has  little  effect  on  the  speed  of 
the  channel  whether  or  not  channel  filters  are  used.  The  fact  that  low  dis- 
tortion was  measured  without  channel  filters  indicated  that  the  channel  and 
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measuring  devices  were  in  good  condition  as  far  as  could  be  reasonably  ex- 
pected over  the  range  of  speeds.  The  distortion  measured  without  channel 
filters  ranged  from  2.5  per  cent  at  60  w.p.m.  (23  d.p.s.)  up  to  10  per  cent  at 
170  w.p.m.  (65  d.p.s,). 

Swing 

Some  measurements  were  made  on  the  complete  frequency-shift  arrange- 
ment over  the  same  range  of  speeds,  using  several  values  of  abrupt  frequency 
swing  from  ±15  cycles  to  ±  55  cycles,  keeping  the  marking  and  spacing 
frequencies  equidistant  from  1955  cycles.  With  a  swing  of  ±  55  cycles  the 
distortion  was  slightly  worse  than  when  the  swing  was  ±  35  cycles.  The 
measurements  showed  least  distortion  for  a  swing  of  ±  15  cycles.  It  has 
been  previously  shown®  that  the  less  the  swing  the  smaller  the  amplitude  of 
the  oscillations  in  the  transient  for  a  given  channel  frequency  band  width. 
Accordingly  one  might  expect  distortion  to  be  least  when  the  swing  is  least. 
If  only  a  small  swing  is  used  the  signal  bias  change  with  carrier  frequency 
drift  is  worse,  unless  automatic  bias  compensation  is  provided.  Greater 
amplification  is  also  required  in  the  detector-amplifier  in  order  to  maintain 
the  same  relay  operating  current.  A  swing  of  ±  35  cycles  was  used  in  most 
of  the  frequency-shift  tests  as  a  good  compromise  between  the  distortion 
caused  by  the  greater  swings  and  the  severe  apparatus  requirements  and 
greater  susceptibility  to  noise  when  using  the  lesser  swings. 

Types  of  Modulator 

Figure  3  shows  distortion  characteristics  of  a  frequency-shift  arrangement 
using  different  types  of  modulator.  Curve  A  was  measured  with  sinusoidal 
frequency  variation  obtained  by  the  use  of  a  diode  modulator  and  low-pass 
filter  at  the  modulator  inputs  When  the  low-pass  filter  was  omitted,  the 
frequency  variation  was  substantially  abrupt,  and  curve  B  was  obtained. 
When  the  diode  modulator  was  replaced  by  a  relay  modulator,  which  also 
produced  a  substantially  abrupt  frequency  change,  curv^e  C  resulted.  There 
is  not  much  difference  between  these  characteristics  at  low  speeds.  At  high 
speeds  the  abrupt  frequency  variation  appears  to  give  somewhat  lower  dis- 
tortion than  sinuosidal  variation.  The  distortion  shown  by  curve  A  depends 
not  only  upon  the  speed  and  channel  filter  characteristic  but  also  upon  the 
characteristic  of  the  low-pass  filter  used  in  rounding  the  sent  wave  in  order 
to  produce  sinusoidal  frequency  variation.  A  considerable  amount  of  care 
was  necessary  to  prevent  this  low-pass  filter  from  introducing  too  much  dis- 
tortion and  at  the  same  time  to  produce  sufiicient  rounding.  The  cut-off 
frequency  of  this  low-pass  filter  was  adjusted  at  each  signaling  speed  to  be 
about  three  times  the  dot  frequency.     It  was  apparently  low  enough  to 
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Fig.  3 — Distortion  vs.  speed  characteristics  of  normal-band  frequencj'-shift 
arrangements,  using  two  different  types  of  modulator. 
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cause  some  characteristic  distortion.  Xo  attempt  was  made  to  obtain  an 
ideal  distortionless  filter  characteristic  because  it  would  have  been  necessary 
also  to  take  into  account  the  characteristics  of  other  parts  of  the  circuit, 
which  would  have  required  considerably  more  time  than  was  then  available. 
Curves  D  and  E  of  Fig.  3  show  that  the  modulators  caused  very  little  distor- 
tion when  channel  and  low-pass  sending  filters  were  absent. 

Band  Width 

Figure  4  shows  a  comparison  of  the  distortion  vs.  speed  characteristics  of 
the  normal-band  and  wide-band  frequency-shift  arrangements  when  a  relay 
modulator  was  used.  Curve  A  of  Fig.  4  is  the  same  as  curve  C  of  Fig.  3  and 
shows  the  characteristic  of  the  normal  band  arrangement.  Curve  C  of  Fig. 
4  shows  the  characteristic  of  the  wide-band  arrangement  when  the  low-pass 
filters  at  the  detector  output  were  the  same  as  for  the  normal-band  arrange- 
ment, their  cut-off  frequency  being  about  503  cycles.  The  distortion  shown 
in  curve  C  is  much  lower  than  that  of  curve  A  since  the  width  of  the  side- 
bands transmitted  was  doubled.  Curve  B  of  Fig.  4  shows  the  characteristic 
of  the  wide-band  arrangement  when  the  low-pass  filters  at  the  detector  out- 
put had  a  cut-ofif  at  about  58  cycles.  As  previously  indicated,  the  latter 
cut-oflf  was  selected  in  order  to  give  the  wide-band  arrangement  about  the 
same  distortion  vs.  speed  characteristic  as  the  normal-band  arrangement. 
The  reason  for  the  use  of  the  lower  cut-off  is  explained  under  the  heading 
"Noise  Tests". 

Compariscn  of  Frequency-Shift  and  On-Off  Arrangements 

Figure  5  is  a  comparison  of  the  distortion  vs.  speed  characteristic  of  the 
frequency-shift  arrangement  having  a  relay  modulator  (curve  B),  with 
characteristics  of  two  on-off  arrangements  having  commercial  receiving  cir- 
cuits^- '"•  ".  The  40B1  detector  had  no  level  compensator  and  included  a 
triode  detector  having  an  output  vs.  input  characteristic  which  roughly 
followed  a  square  law.  The  other  detector  had  a  slow  acting  level  compen- 
sator" designed  to  eliminate  receiving  bias  due  to  slow  changes  in  line 
equivalent.  The  output  vs.  input  characteristic  of  this  detector  was  much 
steeper  than  that  of  the  40B1  arrangement  at  the  transition  points  of  the 
signals.     The  level  compensated  arrangement  was  adjusted  at  each  speed  to 

^  B.  P.  Hamilton,  H.  Nyquist,  M.  B.  Long  and  W.  A.  Phelps:  "Voice  Frequency 
Carrier  Telegraph  System  for  Cables",  Jour.  A.  /.  E.  E.,  \'ol.  XLIV,  No.  3,  Mar.  1925. 

^^  A.  L.  Matte:  "Advances  in  Carrier  Telegraph  Transmission",  B.  S.  T.  J.,  Vol. 
XIX,  pp.  161-208,  Apr.  1940. 

"  A  separate  paper  describing  a  commercial  system  using  an  improved  level  compensator 
is  now  in  preparation  by  other  Bell  System  authors.  The  function  of  the  level  compensator 
is  to  vary  the  gain  of  the  receiving  amplifier-detector  so  as  to  automatically  compensate 
for  relatively  slow  level  changes.  See  also:  V.  P.  Thorp:  "A  Level  Comj)ensator  for  Car- 
rier Telegraph  Systems",  Belt  Laboratories  Record,  Vol.  XVIII,  No.  2,  October  1939,  pp. 
46-48. 
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Fig.  4 — Distortion  vs.  speed  characteristics  of  normal-  and  wide-band  frequency- 
shift  arrangements. 
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have  zero  bias  while  transmitting  the  test  sentence  because  the  characteristic 
of  the  level  compensator  was  such  that  reversals  could  not  be  used  to  adjust 
for  zero  bias  of  the  received  signals.  The  distortion  vs.  speed  characteristics 
of  the  level  compensated  on-off  and  40B1  arrangements  are  given  by  curves 
A  and  C,  respectively,  in  Fig.  5.  This  figure  indicates  that  at  high  speeds  the 
frequency-shift  arrangement  is  subject  to  somewhat  greater  distortion  than 
the  on-off  method. 

It  may  be  argued  that  Fig.  5  is  not  a  fair  comparison  between  frequency- 
shift  and  on-off  methods  because  of  the  difference  in  detector  characteristics. 
In  order  to  overcome  this  objection  an  experimental  on-off  arrangement  was 
set  up  utilizing  a  linear  detector  and  the  same  receiving  relay  as  in  the  fre- 
quency-shift arrangement.  The  effective  operating  ampere-turns  in  the 
255A  receiving  relay  were  kept  the  same  for  both  frequency-shift  and  linear 
on-oflf  methods  of  transmission.  The  line  winding  current  varied  from  about 
10  mils  during  spacing  signals  to  50  mils  during  marking  signals,  and  the 
biasing  winding  current  tending  to  move  the  armature  toward  spacing  was 
about  30  mils  for  the  on-off  arrangement.  The  effective  relay  operating 
current  in  the  frequency-shift  arrangement  was  +20  mils  in  the  marking 
condition  and  —  20  mils  in  the  spacing  condition. 

The  distortion  measurements  are  shown  in  Fig.  6.  In  order  to  compare 
frequency-shift  with  the  linear  on-off  arrangement,  consider  curves  A  and  B 
of  Fig.  6.  There  is  not  much  difference  between  them,  but  the  frequency- 
shift  characteristic  shows  slightly  higher  distortion  over  part  of  the  speed 
range,  as  in  Fig.  5. 

In  these  tests  the  channel  loss  characteristic  used  was  that  of  Fig.  1 ,  curve  A. 

Two-Source  and  One-Source  Two-Band  Arrangements 
The  same  linear  detector,  receiving  relay,  and  effective  relay  operating 
current  were  used  for  these  two-band  arrangements  as  for  the  frequency-shift 
arrangement.  Curves  C,  D,  and  E  of  Fig.  6  show  the  speed  characteristics 
of  various  two-source  and  one-source  two-band  arrangements  in  which  the 
marking  and  spacing  paths  had  loss  characteristics  similar  to  curve  A  of  Fig. 
1.  Curve  C  of  Fig.  6  applies  to  the  arrangement  using  two  oscillators  and 
no  limiter  and  does  not  differ  greatly  from  the  characteristic  for  the  on-off 
method,  curve  B.  Curve  D  applies  to  the  arrangement  using  two  oscillators 
and  limiter,  and  shows  greater  distortion  than  curve  C  because  of  modulation 
products  arising  in  the  limiter  between  the  sidebands  of  the  marking  and 
spacing  carriers.  This  type  of  interference  was  due  to  discontinuities  in 
phase  of  the  carrier  wave  at  the  signal  transitions,  and  was  eliminated  by 
the  use  of  a  frequency  modulated  oscillator  in  place  of  the  two  independent 
oscillators,  as  indicated  by  curve  E.  The  latter  is  somewhat  similar  to  curve 
C  on  Fig.  4  measured  on  the  frequency-shift  arrangement  with  the  wide 
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band,  except  that  the  distortion  at  the  higher  speeds  is  greater  with  curve  E 
of  Fig.  6  because  sideband  components  in  the  middle  portion  of  the  total 
frequency  band  were  considerably  attenuated  by  the  channel  filters  of  the 
one-source  two-band  arrangement,  but  not  by  those  of  the  wide-band  fre- 
([uency-shift  arrangement.  The  distortion  vs.  speed  characteristic  of  the 
two-source  arrangement  having  paths  with  loss  characteristic  similar  to 
curve  C  of  Fig.  1,  is  shown  by  curve  F  of  Fig.  6.  The  large  distortion  is  due 
to  the  narrower  sidebands  transmitted  and  to  the  combined  use  of  two  inde- 
pendent oscillators  and  a  limiter,  the  effect  of  which  is  discussed  above. 

Single-Sideband  A  rrangement 

The  same  linear  detector,  receiving  relay,  and  effective  relay  operating 
current  were  used  for  the  single-sideband  tests  as  for  the  linear  on-off  tests. 

An  ideal  single-sideband  arrangement  should  operate  at  twice  the  speed  of 
the  on-oflf  arrangement  for  the  same  pass  band,  if  the  quadrature  component- 
is  eliminated.  The  cost  of  a  phase  discrimination  method  of  reception'  for 
this  purpose  would  probably  be  prohibitive  in  practice.  If  the  quadrature 
component  is  allowed  to  remain,  it  is  a  principal  cause  of  distortion,  so  that 
the  single-sideband  method  gives  only  a  slight  increase  in  speed.  The  effect 
of  the  quadrature  component  on  telegraph  distortion  can  be  reduced-  by  the 
transmission  of  a  certain  amount  of  spacing  carrier  current.  Curve  B  of 
Fig.  7,  measured  with  a  spacing  current  6  db  below  the  marking  current, 
shows  less  distortion  than  curve  A  of  Fig.  T,  measured  with  no  spacing  cur- 
rent; and,  in  the  range  of  speeds  investigated,  does  not  differ  greatly  from 
curve  C,  taken  on  the  linear  on-off  arrangement  without  channel  filters. 
Thus,  it  is  apparent  that  the  single-sideband  arrangement  is  capable  of  higher 
speeds,  for  a  given  distortion  and  band  width,  than  the  other  arrangements 
here  considered. 

Tests  of  Carrier  Frequency  \'ariations 

When  a  carrier  telegraph  circuit  contains  a  radio  or  carrier  telephone  link, 
some  instability  may  occur  in  the  average  received  carrier  frequency.  In 
order  to  investigate  the  effect  of  varying  the  mean  carrier  frequency,  the 
carrier  supply  frequency  was  varied  as  a  matter  of  convenience.  Since  the 
signals  were  transmitted  through  both  sending  and  receiving  channel  tilters 
the  effects  observed  were  doubtless  about  twice  as  bad  as  if  only  the  received 
carrier  frequency  had  been  varied,  except  j^erhaps  in  the  frequency-shift 
arrangements  where  the  discriminator  produced  a  large  effect. 

Distortion  at  60  Words  per  Minute 

In  Figs.  8  and  9,  the  distortion  obtained  over  the  various  arrangements  is 
shown  as  a  function  of  carrier  frequency  variation  from  the  nominal  value, 
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when  the  speed  was  60  w.p.m.    The  marking  and  spacing  frequencies  of  the 
two-source,  one-source  two-band,  and  frequency-shift  arrangements  were 
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Fig.  7— Distortion  vs.  speed  characteristics  of  single-sideband  arrangements  and 
on-off  arrangement  without  channel  filters. 


both  varied  by  the  same  amount  from  their  normal  values  without  changing 
their  relative  separation.  It  is  evident  from  Fig.  8  that  the  arrangements 
ranked  in  the  following  order  as  regards  the  permissible  carrier  frequency 
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variations  when  the  distortion  was  about  20  per  cent:  two-source  without 
Hmiter  on  a  par  with  two-source  with  Umiter,  one-source  two-band  with 
limiter,  level  compensated  on-off,  linear  on-off,  frequency-shift,  and  single- 
sideband  with  —  6  db  spacing  carrier.  This  comparison  includes  only  those 
arrangements  using  the  same  type  of  filter  (with  loss  per  curve  A,  Fig.  1). 
Figure  9  shows  the  results  obtained  by  making  similar  tests  on  the  wide-band 
frequency-shift  (with  loss  per  curve  B,  Fig.  1)  and  on  the  narrow-band  two- 
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(DEPARTURE    FROM   NOMINAL  VALUE) 

Fig.  9 — Distortion  vs.  mean  carrier  frequency  characteristics  of  narrow- and  wide- 
band arrangements  at  60  w.i).m.  (23  d.p.s.). 


source  arrangements  (with  loss  per  curve  C\  Fig.  1).  The  distortion  curves 
for  the  wide-band  frequency-shift  arrangement  in  the  latter  figure  are  more 
favorable  than  the  curve  for  the  normal-band  frequency-shift  arrangement 
shown  in  Fig.  8  because  the  wide-band  arrangement  had  a  discriminator  with 
only  half  the  slope  of  that  used  in  the  normal-band  arrangement.  The  wide- 
band arrangement  with  the  higher  cut-off  low-pass  filter  could  tolerate  a 
greater  change  in  carrier  frequency  than  the  arrangement  with  the  lower 
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cut-off  low-pass  filter  because  of  the  steeper  wave  front  of  the  signals  deliv- 
ered by  the  former  low-pass  filter,  resulting  in  a  lower  signal  bias  when  the 
detected  amplitudes  of  the  marking  and  spacing  signals  differed. 

When  the  average  carrier  frequency  of  a  two-source  arrangement  was 
varied,  the  marking  and  spacing  frequencies  moved  toward  one  side  of  their 
respective  pass  bands.  As  they  approached  the  cut-off  frequencies  of  the 
band-pass  filters,  telegraph  distortion  occurred  due  to  suppression  of  the 
carrier  and  adjacent  components.  The  narrow-band  two-source  arrange- 
ment was  more  sensitive  to  variation  in  the  average  carrier  frequency  than 
the  normal-band  two-source  arrangement,  and  the  reason  is  obvious. 

Bias  at  60  Words  per  Minute 

When  tested  with  reversals  at  23  d.p.s.  (corresponding  to  60  w.p.m.),  the 
arrangements  also  ranked  in  the  same  order  from  the  bias  standpoint  as  from 
the  distortion  standpoint,  as  the  mean  carrier  frequency  was  varied.  In 
Figs.  8  and  9  the  distortion  due  to  carrier  frequency  variation  consisted 
mainly  of  bias,  except  in  the  two-source  arrangements,  where  the  received 
marking  and  spacing  pulses  were  substantially  equal  on  reversals  so  that 
there  was  little  bias.  (Bias  measurements  referred  to  here  and  below  have 
not  been  shown  graphically  in  order  to  save  space.) 

The  on-off,  two-source,  and  one-source  two-band  arrangements  were 
fairly  insensitive  to  carrier  frequency  variations  since  the  loss  vs.  frequency 
characteristics  of  the  channel  filters  changed  but  slowly  near  the  middle  of 
the  transmission  band.  Since  the  frequency-shift  arrangement  had  a  dis- 
criminator which  was  sensitive  to  frequency  changes,  drifting  of  the  average 
carrier  frequency  resulted  in  a  rise  in  detected  current  in  one  half  of  the  push- 
pull  detector  and  a  reduction  thereof  in  the  other  half,  thus  causing  serious 
bias  in  the  differentially  combined  rectified  waves,  since  no  frequenc>-  com- 
pensator was  provided.  It  is  outside  the  scope  of  this  paper  to  describe  such 
a  compensator,  but  it  is  no  more  complicated  than  the  level  compensator 
used  with  an  on-off  arrangement.  In  the  single-sideband  arrangement  the 
carrier  was  located  at  a  point  on  the  filter  loss  vs.  frequency  characteristic 
where  the  slope  was  steep.  Consequently  small  frequency  changes  produced 
large  amplitude  variations  in  the  operating  current  of  the  receiving  relay. 
Since  there  was  no  compensating  change  in  the  biasing  current  of  the  relay, 
large  bias  variations  resulted  from  small  changes  in  carrier  frequency. 

Distortidii  at  110  Words  per  Minute 

Figures  10  and  11  give  distortion  for  the  arrangements  at  46  d.p.s.  or  120 
w.p.m.  when  the  mean  carrier  frequency  was  varied.  The  arrangements 
ranked  in  the  following  order  when  the  distortion  was  20  per  cent :  two-source 
without  limiter,  two-source  with  limiter,  linear  on-off,  one-source  two-band, 
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level  compensated  on-off,  frequency-shift,  single-sideband  with  —  6  db  spac- 
ing carrier. 

In  both  Figs.  8  and  10  there  appears  to  be  considerable  difference  between 
the  distortion  vs.  carrier  frequency  characteristics  of  the  two-source  and 
one-source  two-band  arrangements  with  limiter.  The  two-source  arrange- 
ment was  better  for  large  carrier  frequency  variations,  and  the  one-source 
two-band  arrangement  was  better  for  small  carrier  frequency  variations. 
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Fig.  11 — Distortion  vs.  mean  carrier  frequency  characteristics  of  wide-band 
frequency-shift  arrangements. 


The  difference  between  the  performance  of  these  two  arrangements  was 
partly  due  to  interference  between  sidebands  in  the  two-source  arrangement 
as  previously  mentioned,  and  partly  due  to  the  difference  in  the  sending 
arrangements  used.  In  the  case  of  the  two-source  sending  arrangement 
shown  in  Fig.  2,  the  sidebands  of  the  marking  and  spacing  paths  were  sepa- 
rated by  the  sending  filters,  and  a  small  shift  in  carrier  frequency  affected 
each  branch  similarly,  and  relatively  little  bias  or  distortion  resulted.  In 
the  case  of  the  one-source  two-band  method  also  shown  in  Fig.  2,  the  side- 
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bands  of  the  marking  and  spacing  frequencies  were  not  completely  separated 
by  the  sending  filters  and  a  shift  in  carrier  frequency  affected  the  two  sets  of 
sideband  components  dissymmetrically,  thus  causing  bias  and  distortion. 

Bias  at  120  Words  per  Minute 

The  bias  resulting  from  carrier  frequency  change  in  the  various  arrange- 
ments at  46  d.p.s.  or  120  w.p.m.  was  in  general  worse  than  at  half  this  speed 
because  the  received  wave  shape  was  more  rounded.  The  distortion  due  to 
carrier  frequency  variation,  as  shown  in  Figs.  10  and  11,  consisted  mainly  of 
bias,  except  in  the  two-source  arrangements,  as  explained  above. 

Other  Considerations  Relating  to  Single-Sideband  Arrangement 

The  single-sideband  arrangement  with  —  6  db  spacing  carrier  was  found  to 
have  the  lowest  distortion  at  high  signal  speeds.  Consequently  it  was 
thought  desirable  to  study  this  arrangement  further  in  order  to  see  what 
might  be  done  to  improve  its  stability  during  carrier  frequency  variations, 
and  to  select  an  optimum  location  for  the  average  carrier  frequency.  First, 
curve  A  of  Fig.  12  was  plotted  showing  the  distortion  at  160  w.p.m.  resulting 
from  a  change  in  carrier  frequency.  Then  it  was  assumed  that  a  level  com- 
pensator might  be  provided.  In  order  to  simulate  the  effect  of'such  a  device 
without  actually  constructing  one,  the  line  loss  was  adjusted  manually  to 
keep  the  r.m.s.  marking  carrier  power  constant  at  the  receiving  filter  output. 
Curve  B  of  Fig.  12  shows  an  improvement  in  the  change  in  distortion  vs. 
carrier  frequency  under  this  condition.  Large  variations  in  bias  still  per- 
sisted in  spite  of  level  compensation,  due  to  variations  in  shape  of  the 
envelope  of  the  received  carrier  signals  caused  by  various  amounts  of  quad- 
rature component  and  sluggish  in-phase  component^  depending  on  the  loca- 
tion of  the  carrier  frequency.  In  order  to  simulate  the  effect  of  a  level  com- 
pensator providing  automatic  bias  adjustment,  the  relay  bias  current  was 
adjusted  to  give  zero  receiving  bias  at  each  setting  of  the  carrier  frequency, 
and  also  the  receiving  filter  output  was  maintained  at  a  constant  value  as 
before.  The  results  are  given  by  curve  C  in  Fig.  12  which  shows  a  consider- 
ably increased  tolerance  to  carrier  frequency  changes  when  the  arrangement 
was  stabilized  in  this  manner.  This  curve  indicates  that  the  carrier  fre- 
quency could  be  increased  about  17  cycles  before  the  distortion  started  to 
increase  rapidly,  and  could  be  reduced  about  5  cycles  before  a  gradual  in- 
crease in  distortion  began  to  appear. 

It  has  been  shown  that  for  a  certain  ideal  filter^  a  suitable  location  of  the 
carrier  frequency  for  the  single-sideband  method  is  at  a  point  either  at  the 
upper  or  lower  side  of  the  band  where  the  loss  is  6  db  with  respect  to  that  in 
the  middle  of  the  band.  It  can  be  demonstrated  that  the  envelope  of  the 
received  wave  is  the  same  when  the  carrier  frequency  is  set  at  either  of  these 
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locations,  if  ihc  filter  characteristic  is  symmetrical  about  the  midband 
frcquenc}',  if  the  pass  band  is  narrow,  and  if  the  carrier  frequency  is  high 
compared  to  the  dot  speed,  as  in  the  arrangement  tested.  Consequently 
there  was  no  point  in  duplicating  measurements  for  carrier  locations  at  the 
lower  edge  of  the  band  except  perhaps  to  discover  the  second  order  effect  of 
slight  asymmetry  in  the  channel  filters.  1998  cycles  is  at  the  right-hand  6 
(lb  point  of  the  tilter  characteristic  given  by  curve  A  of  Fig.  1 ;  and  as  there 
is  not  much  choice  in  the  region  from  5  cycles  below  to  17  cycles  above  this 
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Fig.   12 — Distortion  vs.  carrier  frequency  characteristics  of  1998-cycle  single- 

sidclmnd  arrangement  using  spacing  carrier  current  6  dh  below  marking 

current  at  160  w.p.m.  (61  d.p.s.). 

A:  Fixed  adjustments.     13:  Constant  marking  output  level  from  receiving  filter,  and 

lixed  relay  l)ias  current.     C:  Same  as  B,  excei)t  receiving  signal  liias  adjusted  to  zero  by 

varying  receiving  relay  l)ias  current  while  transmitting  reversals. 

frequency,  according  to  curve  C  of  Fig.  12,  it  was  considered  satisfactory'  to 
locate  the  carrier  at  1998  cycles  for  certain  other  single-sideband  tests  covered 
in  this  pai)er,  although  a  slightly  higher  or  lower  value  would  probably  have 
done  about  as  well.  As  previously  indicated,  the  reason  for  assuming  a 
spacing  carrier  current  6  db  below  the  marking  value  for  single-sideband 
tests  was  to  reduce  the  distortion  due  to  the  cjuadrature  component"'.  Still 
less  effect  from  the  latter  would  have  existed  if  the  spacing  carrier  current 
had  been  further  increased,  but  this  would  have  reduced  the  difference  be- 
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tween  the  marking  and  spacing  current  amplitudes  on  the  Une,  causing  a 
corresponding  reduction  in  sideband  power.  If  the  quadrature  component 
had  been  completely  ehminated  it  is  possible  that  1998  cycles  would  have 
been  found  to  be  a  more  favorable  carrier  location  than  some  of  the  other 
closely  adjacent  frequencies.  However,  no  attempt  was  made  to  design  the 
filters  for  the  theoretical  single-sideband  requirement  that  the  transfer 
admittance  of  the  vestigial  sideband  should  be  complementary^  to  that  of 
the  other  sideband  near  the  carrier  frequency. 

Tests  of  Received  Level  Variations 

Any  transmission  path  is  likely  to  have  level  variations  caused  by  tempera- 
ture and  weather  changes  in  case  of  wire  lines  and  by  fading  in  case  of  radio 
links.  Each  arrangement  was  therefore  tested  for  susceptibility  to  level 
changes  by  var>'ing  the  artificial  line  over  a  wide  range.  As  the  artificial 
line  was  made  of  resistances,  the  effect  of  equal  fading  over  the  entire  fre- 
quency range  was  thereby  simulated. 

Distortion  at  60  Words  per  Minute 

In  Fig.  13  is  shown  the  total  distortion  at  60  w.p.m.  vs.  level  change  for 
different  arrangements  using  the  same  type  of  filter.  As  may  be  seen  from 
Fig.  13,  the  arrangements  which  had  the  same  loss  characteristic  ranked  in 
the  foUowmg  order  at  20  per  cent  distortion  and  60  w.p.m.  as  regards  stability 
when  the  line  level  was  varied:  two-source  with  luniter  on  a  par  with  one- 
source  two-band,  frequency-shift,  level  compensated  on-ofif,  two-source 
without  limiter,  Imear  on-off ,  and  single  sideband  with  —  6  db  spacing  carrier. 
The  range  of  levels  over  which  the  first  three  arrangements  mentioned  above 
were  stable,  in  the  absence  of  interference,  was  largely  a  function  of  the  range 
of  the  limiter,  which  was  over  80  db.  The  on-ofif  arrangement  including  a 
level  compensator  had  a  range  of  approximately  40  db,  but  it  should  be  re- 
membered that  a  level  compensator  is  effective  only  for  level  changes  slow 
compared  to  the  signal  speed.  The  range  of  the  two-source  arrangement 
without  limiter  depended  on  the  accuracy  with  which  the  marking  and 
spacing  halves  of  the  receiving  circuit  were  balanced.  In  the  arrangement 
tested  this  range  was  about  30  db.  The  linear  on-ofif  arrangement  without 
level  compensator  was  ver}'  sensitive  to  level  changes  because  the  operating 
current  in  the  receiving  relay  varied  without  a  compensating  variation  in  the 
bias  current.  The  single-sideband  arrangement  had  greater  sensitivity  than 
the  linear  on-ofif  arrangement  because  a  variation  of  6  db  in  the  line  current 
of  the  single-sideband  arrangement  was  accompanied  by  a  15  db  variation  in 
relay  operating  current  due  to  the  use  of  increased  gain  and  a  large  grid  bias 
in  the  receiving  d-c  amplifier. 
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Just  as  the  line  level  range  of  an  on-off  arrangement  may  be  extended  by 
the  use  of  a  level  compensator,  so  it  seems  reasonable  to  expect  that  a  similar 
improvement  could  be  obtained  by  using  level  compensators  on  the  linear 
on-off  and  single-sideband  arrangements.  However,  when  a  level  compen- 
sator is  applied  to  such  arrangements,  it  must  be  a  slow  acting  device  in  order 
not  to  cause  characteristic  distortion.  When  large  and  rapid  level  changes 
are  frequent,  as  may  occur  on  a  radio  circuit  due  to  fading,  an  arrangement 
including  a  fast  acting  device  like  a  limiter  is  preferred,  such  as  a  two-source, 
one-source  two-band,  or  frequency-shift  arrangement. 

The  effect  of  level  variations  on  the  distortion  of  the  narrow-band  two- 
source  arrangement  and  of  the  wide-band  frequency-shift  arrangement  with 
and  without  low  cut-off  low-pass  filter  is  shown  in  Fig.  14.  At  60  w.p.m.  the 
wide-band  frequency-shift  arrangement  with  low  cut-off  low-pass  filter  could 
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Fig.  14 — Distortion  vs.  receiving  level  characteristics  of  narrow-  and  AAide-band 
arrangements  at  60  w.p.m.  (23  d.p.s.). 

tolerate  the  nearly  same  level  change  as  the  normal-band  frequency-shift  ar- 
rangement if  20  per  cent  distortion  is  the  limit.  When  the  low-pass  filter  of  the 
wide-band  frequency-shift  arrangement  had  a  high  cut-off,  the  tolerance  was 
somewhat  greater  due  to  the  steeper  wave  front  of  the  detected  signals  which 
rendered  them  less  suceptible  to  bias  caused  by  slight  unbalance  in  the 
detector  and  d-c  amplifier  at  levels  below  the  cut-off  of  the  limiter.  The 
narrow-band  two-source  arrangement  tolerated  slightly  less  level  change 
than  the  normal-band  two-source  arrangement  with  limiter,  for  the  same 
reason. 

Distortion  at  120  Words  per  Minute 

When  the  speed  was  doubled  the  effects  of  level  change  on  distortion  were 
found  to  be  as  shown  by  Figs.  15  and  16,  except  that  tests  on  the  narrow- 
band two-source  arrangement  were  omitted  because  of  high  distortion  at 
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120  w.p.m.     The  arrangements  tested  were  found  to  have  about  the  same 
relative  susceptibility  to  level  changes  at  this  speed  as  at  60  w.p.m. 

The  distortion  shown  in  Figs.  13  and  15  consisted  largely  of  bias  for  the 
arrangements  having  no  limiter.  The  distortion  shown  in  Figs.  13,  14,  15, 
and  16  for  arrangements  which  had  limiters  rose  faster  than  the  absolute 
value  of  the  bias  as  the  level  dropped  below  the  cut-off  of  the  limiter.  This 
was  partly  due  to  extraneous  noise  in  the  laboratory  apparatus. 
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Fig.  16 — Distortion  vs.  receiving  level  characteristics  of  wide-band  frequency- 
shift  arrangements  at  120  w.p.m.  (46  d.p.s.). 


Selective  Level  Changes 

When  frequency-shift,  two-source,  or  one-source  two-band  arrangements 
are  operated  over  a  radio  link,  selective  fading  may  occur  which  afifects  the 
marking  and  spacing  frequencies  by  different  amounts.  Tests  were  made 
only  on  the  two-source  arrangements  to  measure  the  effect  on  distortion  and 
bias  of  differences  between  received  marking  and  spacing  levels.  This  effect 
was  simulated  by  setting  the  level  of  one  of  the  two  carrier  oscillators  at 
different  values  with  respect  to  the  other,  and  measuring  the  distortion  and 
bias  for  each  level  setting.  The  distortion  measurements  are  shown  in  Fig. 
17  and  are  summarized  below  in  Table  L 

It  may  be  seen  from  Fig.  17  that  the  distortion  rose  rather  rapidly  as  the 
marking  level  was  changed  with  respect  to  the  spacing  level  and  thus  the  dis- 
tortion due  to  selective  fading  was  not  greatly  reduced  by  the  use  of  a  limiter. 
The  increase  in  distortion  was  mainly  bias. 

Tests  of  Adjacent  Channel  Crossfire 

In  order  to  investigate  the  effects  on  distortion  due  to  interference  from 
adjacent  channels,  certain  arrangements  having  the  same  loss  characteristic 


CARRIER  TELEGR^iPII  METHODS 


515 


were  tested  while  upper  and  lower  adjacent  flanking  channels  were  transmit- 
ting reversals  produced  by  separate  vibrating  relays  at  roughly  23  d.p.s. 


-10  -8-6-4-2  0  2  4  6  6  10 

MARKING    LEVEL   ON    LINE   IN    DECIBELS    (FROM    SPACING    LEVEL) 

Fig.  17 — Distortion  vs.  difference  between  marking  and  spacing  level. 
Comparison  of  two-source  arrangements. 

T.\BLE   I 

CoMP.\RisoN   OF   Two-Source    .Vrr.angements,    Effect   of   Difference    between 

M.A.RKING  AND  Sp.ACING  LEVELS 


Lim- 
iter 

Out 

In 

In 

Marking  Level  on  Line — DB  from  Spacing  Level 

Mid-band 
Frequencies 

For  10%  Distortion 

For  20%  Distortion 

At60W.P.M. 

At  120  W.P.M. 

At  60  W.P.M. 

At  120  W.P.M. 

1785-1955- 

1785-1955- 

1980-2100- 

(narrow  band) 

-2.2  to +2.2 

-l.Oto+1.4 

* 

-0.6to  +0.4 

* 

faik-d 

-5.1  to +4.7 
-4.7  to +5.3 
-1.5to  +1.3 

-1.7to  +1.4 

-0.4  to  +1.0 

failed 

*  Distortion  exceeded  10%. 


The  distortion  with  and  without  the  flanking  channels  operating  and  the 
difference  in  distortion  are  shown  in  the  following  tables,  from  which  it  is 
seen  that  the  various  arrangements  tested  ranked  appro.ximately  in  the  fol- 
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lowing  order  as  regards  their  insensitivity  to  flanking  channel  crossfire: 
linear  on-oflf  and  two-source  without  limiter  about  the  same,  single  sideband 
with  no  spacing  carrier  about  the  same  as  with  —  6  db  spacing  carrier,  fre- 
quency-shift. 

It  may  be  observed  from  Tables  II  and  III  that  the  interchannel  crossfire 
obtained  for  the  linear  on-off  and  two-source  arrangements  was  small,  due 
to  the  location  of  the  carrier  frequencies  at  the  centers  of  the  channel  filter 
bands.  The  crossfire  obtained  for  the  single-sideband  and  frequency-shift 
methods  given  in  Tables  IV  to  VI  was  greater,  due  to  the  location  of  the 
marking  or  spacing  frequencies  near  the  edges  of  the  channel  filter  bands. 

Table  II 

1955-Cycle  Linear  On-Off  Arrangement,  Effect  of  Operating  Adjacent  1785-Cycle 

AND  2125-Cycle  On-Off  Channels  over  Line 


Signal  Speed,  W.P.M. 

Maximum  Total  Distortion,  Per  Cent 

Increase  in  Distortion, 
Per  Cent 

Flanking  Channels  Off 

Flanking  Channels  On 

100 
120 
140 

6.2 

7.8 

18.0 

6.2 

8.6 

20.0 

0 

0.8 

2.0 

Table  III 

1785  and  1955-Cycle  Two-Source  Arrangement  without  Limiter,  Effect  of 

Operating  Adjacent  1615-Cycle  and  2125-Cycle  Channels  over  Line 


Signal  Speed,  W.P.M. 

Maximum  Total  Distortion,  Per  Cent 

Increase  in  Distortion, 
Per  Cent 

Flanking  Channels  Off 

Flanking  Channels  On 

80 
100 
120 
140 

3.2 
3.5 

7.7 
18.5 

4.2 

4.5 

8.5 

19.7 

1.0 
1.0 
0.8 
1.2 

The  other  arrangements  previously  mentioned  were  not  tested  for  flanking 
channel  crossfire.  The  two-source  arrangement  with  limiter  and  normal 
band  width  is  thought  to  be  no  worse  from  this  standpoint  than  that  without 
limiter,  since  a  limiter  usually  helps  in  discriminating  against  small  spurious 
currents.  From  theoretical  considerations  the  one-source  two-band  ar- 
rangement with  limiter  is  thought  to  be  better  than  the  two-source  arrange- 
ment without  limiter,  using  the  same  channel  filters  and  carrier  frequencies. 
The  narrow-band  two-source  arrangement  had  considerably  sharper  cut-off 
filters  than  the  normal-band  arrangement,  thus  causing  greater  attenuation 
of  frequencies  outside  the  desired  band.  Consequently  the  narrow-band 
two-source  arrangement  is  thought  to  be  no  worse  than  the  normal-band 
arrangement  as  far  as  interchannel  interference  is  concerned.    The  wide- 
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band  frequency-shift  arrangements  are  thought  to  be  no  worse  than  the 
normal-band  frequency-shift  arrangement  from  this  standpoint,  because  of 
the  greater  separation  between  the  sidebands  of  the  adjacent  channels. 
According  to  a  study  of  the  frequency  spectra  produced  by  abrupt  or  sinusoi- 

Table  IV 

1998-CycLE   Single-Sideband  Arrangement   (No  Spacing   Carrier),   Effect   of 

Operating  .\dtacent  1828-Cycle  and  2168-Cycle  Single-Sideband 

Channels  over  Line 


Signal  Speed,  W.P.M. 

Maximum  Total  Distortion,  Per  Cent 

Increase  in  Distortion, 
Per  Cent 

Flanking  Channels  Off 

Flanking  Channels  On 

100 
120 
140 
160 

7.1 
12.0 

18.5 
21.0 

7.9 
14.9 

22.7 
25.5 

0.8 
2.9 

4.2 
4.5 

Table  V 
1998- Cycle  Single-Sideband  Arrangement  (With  Spacing  Carrier  6  db  Below 
Marking  Carrier),  Effect  of  Operating  Adjacent  1828-Cycle  and 
2168-Cycle  Single -Sideband  Channels  over  Line 


Signal  Speed,  W.P.M. 

Maximum  Total  Distortion,  Per  Cent 

Increase  in  Distortion, 
Per  Cent 

Flanking  Channels  Off 

Flanking  Channels  On 

100 
120 
140 
160 

5.7 

8.5 
14.0 
14.0 

9.2 
12.0 
17.7 
18.2 

3.5 

3.5 
3.7 
4.2 

Table  VI 

1955±35-Cycle  Freqltency-Shift  Arrangement  (With  Relay  Modulator),  Effect 

OF  Operating   Adjacent    1785   ±   35-Cycle  and  2125   ±   35-Cycle 

Frequency-Shift  Channels  over  Line 


Signal  Speed,  W.P.M. 

Maximum  Total  Distortion,  Per  Cent 

Increase  in  Distortion, 
Per  Cent 

Flanking  Channels  Off 

Flanking  Channels  On 

60 
100 
120 
140 

2.5 
5.5 

11.0 
20.0 

6.0 
11.0 
19.0 
28.0 

3.5 
5.5 
8.0 
8.0 

dal  frequency-shift  arrangements  during  transmission  of  reversals^,  it 
appears  that  the  sinusoidal  shift  is  better  than  abrupt  shift  from  the  stand- 
point of  interference  between  adjacent  channels,  when  the  sending  channel 
filter  does  not  sufficiently  attenuate  undesired  sideband  components.     But 

'^Balth.  van  der  Pol:  "Frequency  Modulation",  Proc.  I.  R.  E.,  Vol.  18,  No.  7,  July 
1930,  pp.  1194-1205. 


518  BELL  SYSTEM  TECHNICAL  JOURNAL 

there  is  probably  little  use  in  complicating  the  modulating  arrangement  to 
produce  sinusoidal  shift,  merely  for  the  purpose  of  simplifying  the  sending 
filter. 

In  the  multi-channel  (on-off  type)  voice  frequency  carrier  telegraph  used 
in  the  Bell  System  plant,  the  carrier  currents  of  the  different  channels  have 
frequencies  which  are  odd  multiples  of  an  85-cycle  base  frequency,  and  the 
channel  filters  have  corresponding  midband  frequencies.  Even  order  modu- 
lation of  these  carrier  currents,  which  occurs  to  a  certain  extent  in  the  line 
repeaters  of  the  system,  results  in  the  production  of  interfering  frequencies 
which  are  even  multiples  of  85  cycles.  These  products  fall  midway  between 
the  pass  bands  of  the  receiving  channel  filters  and  the  loss  which  they  en- 
counter in  these  filters  greatly  reduces  their  efifect.  In  a  telegraph  system 
having  this  channel  frequency  arrangement,  but  designed  to  operate  on  a 
frequency-shift  basis,  with  the  carrier  frequencies  shifted  over  a  large  portion 
of  the  channel  frequency  bands,  even  order  modulation  products  originating 
in  the  line  repeaters  would,  to  a  much  greater  extent,  lie  in  frequency  ranges 
freely  passed  by  the  receiving  filters;  and  the  effect  of  such  interference  would 
be  correspondingly  greater  than  in  the  on-off  system. 

Noise  Tests 

One  way  to  judge  the  relative  noise  sensitivity  of  carrier  telegraph  arrange- 
ments is  to  subject  each  to  measured  amounts  of  noise  on  the  line  and  then 
to  compare  the  resulting  signal  distortions.  Resistance  or  thermal  noise 
was  used  in  these  tests  because  it  is  the  most  general  kind  of  noise.  It  con- 
sists of  a  superposition  of  rapidly  recurring  random  impulses,  some  of  which 
may  overlap.  No  tests  were  made  using  impulse  noise  such  as  caused  by 
lightning,  ignition,  or  sharp  static,  because  it  was  thought  that  resistance 
noise  tests  would  suffice.  Impulse  noise,  when  considered  in  a  strict  mathe- 
matical sense,  consists  of  isolated  pulses  of  very  short  duration  and  the  com- 
ponent frequencies  are  so  phased  with  respect  to  each  other  that  their 
amplitudes  add  arithmetically  at  the  instants  of  occurrence  of  the  pulses. 
Atmospheric  disturbances  range  all  the  way  from  isolated  pulses  to  grinding 
static  caused  by  dust  storms  which  has  characteristics  approaching  those  of 
resistance  noise.  It  is  difficult  to  choose  a  representative  type  of  impulse 
noise  for  testing.  Another  reason  for  not  testing  with  impulse  noise  was  that 
theoretical  considerations^^  indicate  there  is  not  much  difference  in  the 
advantage  of  frequency-shift  over  on-off  methods  whether  the  disturbance 
is  of  the  impulse  or  resistance  type. 

In  order  to  compare  the  sensitivities  of  the  different  arrangements  to  re- 

'^M  G.  Crosby:  "Frequency  Modulation  Noise  Characteristics",  Proc.  I.  R.  E., 
Vol.  XXV,  No.  4,  April  1937,  pp.  472-514. 
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Fig.  18 — Distortion  vs.  noise  characteristics  of  single-sideband,  linear  on-off  and 
frequency-shift  arrangements  at  60  w.p.m.  (23  d.p.s.). 
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Fig.  19 — Distortion  vs.  noise  characteristics  of  two-band  arrangem'>;nts  at  60 
w.p.m.  (23  d.p.s.). 
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Fig.  20 — Distortion  vs.  noise  characteristics  of  frequency-shift  arrangements  at 
60  w.p.m.  (23  d.p.s.). 
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Fig.  21— Distortion  vs.  noise  characteristics  of  various  arrangements  at  120 
w.p.m.  (46  d.p.s.). 
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sistance  noise,  the  noise  was  introduced  into  the  line  through  a  symmetrical 
three-way  pad,  as  previously  mentioned.  The  marking  carrier  level  at  one 
input  of  the  noise  pad  was  kept  at  a  constant  value.  The  level  of  the  noise 
current  entering  the  other  input  of  the  noise  pad  was  adjustable,  and  its 
r.m.s.  value  was  measured  with  a  thermocouple,  permitting  the  computation 
of  the  r.m.s.  noise-to-carrier  ratio  at  the  output  of  the  three-way  pad,  since 
the  loss  through  the  pad  was  the  same  for  both  signal  and  noise.  This  ratio 
was  used  for  abscissae  in  Figs.  18  to  21,  inclusive,  and  the  ordinates  represent 
distortion  for  various  arrangements.  These  cur\^es  are  useful  in  comparing 
the  relative  noise  sensitivities  of  the  different  arrangements,  because  the  same 
noise  source  was  used  in  all  tests.  The  absolute  noise  sensitivities  of  the 
various  arrangements  were  not  known  accurately  because  the  band  width  of 
the  noise  source  was  not  known  exactly.  The  band  width  must  have  been 
about  3  kc.  because  the  measured  signal-to-noise  power  ratio  of  the  on-oflf 
arrangement  was  15  db  better  at  the  receiving  filter  output  than  on  the  line. 
Fifteen  db  corresponds  to  a  power  ratio  of  31.6,  which  also  should  be  the  ratio 
of  the  band  width  of  the  noise  source  to  the  95-cycle  band  width  of  the  receiv- 
ing filter.  In  comparing  the  various  distortion  vs.  noise  curves,  one  should 
note  that  certain  arrangements  have  different  amounts  of  distortion  when 
noise  is  absent,  which  affects  the  comparison  when  noise  is  present. 

Distortion  at  60  Words  per  Minute 

According  to  Figs.  18,  19,  and  20  the  arrangements  having  the  same  loss 
characteristic  rank  in  the  following  order  as  regards  their  insensitivity  to 
resistance  noise  at  60  w.p.m.  and  20  per  cent  distortion:  frequency-shift 
with  limiter,  closely  followed  by  frequency-shift  without  limiter,  one-source 
two-band  with  limiter,  two-source  without  limiter  on  a  par  with  two-source 
with  limiter,  linear  on-ofif,  single-sideband  with  —  6  db  spacing  carrier,  and 
single-sideband  with  no  spacing  carrier.  All  the  tests  recorded  in  Figs.  18, 
19,  and  20  were  made  on  arrangements  having  linear  receiving  detectors. 
No  noise  data  were  taken  by  the  writers  on  the  level  compensated  on-off 
arrangement.  Measurements  made  by  other  Bell  System  engineers  on  a 
similar  level  compensated  arrangement  follow  the  general  shape  of  cur\^e  C 
of  Fig.  18  for  the  linear  on-ofT  arrangement,  except  for  an  average  displace- 
ment of  about  one  db  to  the  left.  It  is  not  known  whether  the  difference  in 
performance  of  the  level  compensated  on-off  arrangement  was  due  to  the 
difference  in  detector  characteristics  or  to  a  difference  in  measuring  tech- 
nique. 

The  frequency-shift  arrangements  tested  were  all  less  sensitive  to  noise 
than  the  on-ofif  arrangement.  When  a  limiter  was  not  used,  this  difference 
was  due  mainly  to  differential  recombination  of  the  rectified  output  currents 
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of  the  two  branches  of  the  discriminator".  When  a  limiter  was  used  and  the 
noise  was  small  compared  to  the  carrier  current,  the  limiter  theoretically 
should  have  reduced  the  noise-to-carrier  ratio  at  least  3  db.  Therefore,  one 
might  expect  curves  A  and  B  of  Fig.  20  to  be  separated  horizontally  at  least 
3  db  in  the  region  of  low  noise  and  to  come  together  as  the  noise  approaches 
zero.  However,  since  curves  A  and  B  are  fairly  flat  in  the  region  of  low  noise, 
small  errors  in  distortion  measurement  may  have  caused  appreciable  errors 
in  the  horizontal  separation  between  the  curves.  When  noise  is  not  small 
compared  to  signal  current,  it  is  expected  from  theory  that  a  limiter  would 
give  only  a  small  reduction  in  distortion  caused  by  noise  on  a  frequency-shift 
arrangement.  This  appears  to  be  verified  experimentally  by  curves  A  and  B 
of  Fig.  20. 

The  main  purpose  of  testing  the  wide-band  frequency-shift  arrangements 
was  to  compare  their  sensitivity  to  noise  with  that  of  the  normal-band 
frequency-shift  arrangement  with  limiter.  According  to  Fig.  20,  curves  B 
and  D,  at  60  w.p.m.  the  tolerance  to  noise  interference  in  the  wide-band 
arrangement  with  low-pass  filters  having  a  cut-off  frequency  of  about  503 
cycles  was  2.7  db  greater  than  that  in  the  normal-band  arrangement  at  10 
per  cent  distortion  and  1.3  db  greater  at  20  per  cent  distortion.  This  im- 
provement was  unexpected  because  the  wider  band  admitted  more  noise. 
The  improvement  must  have  been  due  to  the  smaller  distortion  in  the  wide- 
band arrangement  when  no  noise  was  present.  The  theoretical  difference 
in  noise  tolerance  between  these  two  frequency-shift  arrangements,  which 
had  a  two-to-one  ratio  of  frequency  band  width  and  of  frequency  swing, 
would  have  been  6  db  at  low  noise  levels  if  low-pass  filters  had  been  used  at 
the  detector  outputs  of  the  wide-band  channel  to  cut  off  components  in  the 
detected  current  which  are  higher  in  frequency  than  those  transmitted  by  the 
normal-band  arrangement^*.  However,  the  low-pass  filters  used  in  the  tests 
had  a  cut-off  well  above  this  value  in  order  to  permit  signaling  at  very  high 
speeds.  Consequently,  there  was  some  unnecessary  noise  passed  by  these 
filters  which  accounts  for  an  increase  in  noise  tolerance  of  less  than  6  db  at 
60  w.p.m. 

In  order  to  verify  the  fact  that  low  cut-off  low-pass  filters  improve  the 
noise  tolerance"  of  the  wide-band  frequency-shift  arrangement,  the  503- 
cycle  cut-off  filters  were  replaced  by  filters  having  a  cut-off  at  about  58  cycles. 
According  to  Fig.  20,  curves  B  and  C,  at  60  w.p.m.  the  tolerance  to  noise 
interference  in  the  wide-band  arrangements  was  then  6.1  db  greater  than  in 
the  normal-band  arrangement  at  10  per  cent  distortion,  and  2  db  greater  at 
20  per  cent  distortion. 

"J.  R.  Carson  and  T.  C.  Fry:  "Variable  Frequency  Electric  Circuit  Theory-  with  Ap- 
plication to  the  Thcor>-  of  Frequency  Modulation",  Bell  Sys.  Tech.  Jour.,  Vol.  XVI,  No. 
4,  October  1937,  pp.   513-540. 
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The  superiority  of  the  two-source  arrangements  over  the  on-oflf  arrange- 
ment may  be  accounted  for  by  differential  recombination  of  the  detected 
waves,  and  by  the  greater  amount  of  sideband  power  transmitted  with  two 
separate  carriers. 

As  shown  in  Fig.  19,  the  tolerance  to  noise  of  the  narrow-band  two-source 
arrangement  at  60  w.p.m.  was  less  than  that  of  the  normal-band  two-source 
arrangement  with  limiter  because  of  the  greater  distortion  obtained  when 
operating  at  this  speed  without  noise.  Also,  the  tw'o-source  arrangement 
illustrated  b}'  curves  B  and  C  in  Fig.  19  appears  to  have  been  made  worse 
at  low  noise  values  by  use  of  a  limiter.  Actually  the  limiter  probably  did 
reduce  the  noise  power,  but  the  improvement  in  distortion  obtained  thereby 
was  greatly  outweighed  by  the  distortion  increase  which  occurred  without 
noise  when  the  limiter  was  added,  as  explained  above  under  the  heading 
''Distortion  vs.  Speed  Tests",  and  illustrated  in  curves  C  and  D  of  Fig.  6. 

The  single-sideband  arrangements  were  both  more  sensitive  to  noise 
than  the  on-off  arrangement.  In  the  case  of  the  single-sideband  arrange- 
ment with  no  spacing  carrier  the  presence  of  quadrature-  component  in- 
creased the  marking  bias;  and  in  order  to  have  zero  bias  on  reversals  it  was 
necessary  to  increase  the  d-c  bias  current  in  the  receiving  relay,  which  re- 
duced the  effective  marking  current  and  therefore  made  the  arrangement 
more  susceptible  to  interference  occurring  during  the  marking  intervals. 
In  the  case  of  the  single-sideband  arrangement  with  —6  db  spacing  carrier 
the  amount  of  sideband  power  transmitted  was  less  than  in  the  on-off  ar- 
rangement and  consequently  noise  was  more  troublesome. 

Distortion-  at  120  Words  per  Minute 

Further  tests  were  conducted  at  120  w.p.m.  on  the  arrangements  having 
linear  receiving  detectors,  and  results  are  shown  in  Fig.  21.  The  increase 
in  speed  caused  an  increase  in  distortion  on  all  arrangements  at  a  given 
noise  level,  but  the  increase  in  speed  has  less  effect  on  the  single-sideband 
arrangements  than  on  the  others  having  the  same  loss  characteristics,  at 
medium  and  high  noise  levels.  On  account  of  the  narrower  sidebands 
transmitted  on  the  two-source,  normal-band  frequency-shift,  and  on-off 
arrangements,  an  increase  in  speed  was  accompanied  by  a  greater  decrease 
in  amplitude  of  received  signal  and  therefore  by  a  greater  increase  in  noise- 
to-signal  ratio  than  in  the  case  of  the  single-sideband  arrangements,  each  of 
which  used  a  wider  sideband.  Consequently,  at  a  given  noise-to-signal 
ratio,  the  speed  increase  was  accompanied  by  a  greater  distortion  increase 
on  the  former  group  of  arrangements  than  on  the  latter. 

As  was  previously  found  at  60  w.p.m.  the  frequency-shift  arrangement 
with  limiter  was  less  sensitive  to  noise  than  the  arrangement  without,  when 
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the  noise  was  small.    But  the  reduction  in  distortion  was  negligible,  because 
the  distortion  was  small  in  either  case. 

In  Fig.  21,  a  comparison  of  curve  F,  applying  to  the  normal-band  fre- 
quency-shift arrangement  with  limiter,  and  curve  K,  applying  to  the  wide- 
band frequency-shift  arrangement  with  503-cycle  low-pass  filter,  shows 
that  at  20  per  cent  distortion  the  increase  in  band  width  and  frequency 
swing  resulted  in  a  9  db  improvement  in  noise-to-carrier  ratio.  This  im- 
provement may  be  explained  on  the  same  basis  as  the  1.3  db  improvement 
obtained  at  60  w.p.m.  and  was  larger  due  to  the  higher  distortion  of  the 
normal-band  arrangement  when  operating  at  120  w.p.m.  When  the  cut-oflE 
frequency  of  the  low-pass  filter  of  the  wide-band  frequency-shift  arrange- 
ment was  changed  from  503  cycles  to  58  cycles,  this  improvement  in  noise- 
to-signal  ratio  was  increased  to  11.6  db.  It  is  apparent  that  tolerance  to 
noise  was  appreciably  increased  by  this  change  of  filters  but,  of  course,  this 
was  accompanied  by  a  reduction  in  maximum  operating  speed. 

N oise-to-Signal  Ratio  at  Receiving  Relay 

Another  method  that  was  used  to  measure  noise-to-signal  ratio  on  the 
on-off  and  single-sideband  arrangements  was  as  follows:  With  the  carrier 
turned  off,  the  receiving  gain  was  increased  until  the  receiving  relay  just 
operated  on  occasional  noise  peaks.  Then  with  the  carrier  on  the  line,  and 
with  the  noise  absent,  the  receiving  gain  was  readjusted  until  the  receiving 
relay  again  just  operated.  The  difference  in  receiving  gain  in  these  two  tests 
was  called  the  noise-to-signal  ratio  at  the  receiving  relay.  When  this 
method  of  measuring  the  noise-to-signal  ratio  was  used  it  was  found  that  the 
on-ofif  and  single-sideband  arrangements  had  distortion  vs.  noise-to-carrier 
ratio  characteristics  similar  to  those  given  in  Figs.  18  and  21.  However, 
in  order  to  express  these  characteristics  correctly  when  substituting  the 
words  "at  receiving  relay"  for  "on  line"  in  the  scale  of  abscissae,  it  was 
found  experimentally  that  it  was  necessar>^  to  shift  the  curves  for  the  on-off 
arrangement  7  db  to  the  left  and  to  shift  those  for  the  single-sideband 
arrangement  4  db  to  the  left,  relative  to  their  present  positions  in  these 
figures.  Such  a  change  of  scale  was  necessary  because  the  noise-to-signal 
ratio  was  smaller  at  the  output  of  the  receiving  filter  than  it  was  on  the  line. 

Summary  Of  Results 

Explanation  of  Tables  VII  and  VIII 

Tables  VH  and  Mil  have  been  prepared  from  the  test  data  in  order  to 
compare  the  various  arrangements  for  a  given  amount  of  distortion  on  each. 
Table  VH  describes  certain  of  their  properties  for  10  per  cent  maximum 
total  distortion.  In  column  A  (see  bottom  line  of  the  table)  are  listed  the 
different  arrangements.     In  columns  B  and  C  are  given  the  speeds  in  dots 
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per  second  and  words  per  minute  respectively  at  which  these  arrangements 
operated  with  10  per  cent  distortion.  In  taking  these  data  all  other  vari- 
ables such  as  noise  and  level  or  frequency  changes  were  absent.  (Similarly 
in  the  other  columns  only  the  variable  mentioned  was  allowed  to  change.) 
Column  D  gives  the  order  of  preference  for  arrangements  having  the  same 
channel  filter  loss  characteristic  (but  not  necessarily  the  same  total  frequency 
band)  on  the  basis  that  the  highest  speed  is  the  most  desirable.  These 
data  apply  when  no  flanking  channels  were  present.  The  one-source 
two-band  arrangement  and  the  single-sideband  arrangement  with  —6  db 
spacing  carrier  were  the  fastest  of  those  having  the  same  channel  filter  loss 
characteristic,  as  might  be  expected  from  the  widths  of  the  transmitted 
sidebands.  However,  for  a  given  band  width,  the  single-sideband  arrange- 
ment with  —  6  db  spacing  carrier  was  the  fastest.  If  frequency  band  width 
is  of  paramount  importance,  consideration  should  be  limited  to  arrangements 
with  the  same  band  width,  which  would  change  the  order  of  preference. 

Columns  E,  F,  and  G  apply,  respectively,  in  place  of  columns  B,  C,  and 
D,  when  flanking  channels  were  in  operation.  According  to  column  G,  the 
single-sideband  arrangement  lost  its  place  in  preferential  rating  due  to 
interference  from  the  adjacent  channels;  and  the  on-off  and  two-source 
arrangements  were  the  best,  as  might  be  expected,  because  their  carriers 
were  located  at  midband. 

In  column  H  are  listed  the  ranges  of  levels  over  which  the  received  signal 
power  could  vary  without  causing  more  than  10  per  cent  distortion.  The 
order  of  preference  listed  in  column  I  indicates  that  arrangements  with 
limiters  were  the  most  stable. 

In  column  L  are  listed  the  ranges  of  carrier  frequency  variations  which 
could  be  tolerated  without  causing  the  distortion  to  exceed  10  per  cent. 
In  column  M  it  is  seen  that  the  two-source  arrangements  performed  better 
than  the  others  when  the  mean  frequency  changed. 

In  column  P  the  arrangements  are  rated  on  the  basis  of  the  resistance 
noise  which  could  be  tolerated  on  the  line  compared  to  the  linear  on-ofif 
arrangement.  For  example,  the  frequency-shift  arrangement  in  item  1.11 
could  tolerate  2.7  db  more  noise  than  the  on-off  arrangement  for  10  percent 
distortion  at  60  w.p.m.  According  to  column  Q  the  one-source  two-band 
arrangement  performed  the  best  in  this  respect. 

Table  VIII  is  arranged  similarly  to  Table  VII  except  that  the  maximum 
total  distortion  is  20  per  cent  throughout,  and  additional  data  are  given  in 
columns  J,  K,  N,  O,  R,  and  S  to  cover  speed  at  120  w.p.m. 

Discussion 

It  is  believed  that  the  circuit  arrangements  tested  were  reasonably  repre- 
sentative of  those  commonly  used  in  carrier  telegraph  practice,  so   that 
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fairly  general  conclusions  are  warranted.  With  the  use  of  other  types  of 
filters,  relays,  etc.,  somewhat  different  results  would  doubtless  be  obtained. 

Relative  advantages  and  disadvantages  of  frequency-shift,  on-off,  and 
single-sideband  methods  of  carrier  telegraphy  were  deduced  from  measure- 
ments utilizing  the  same  channel  filters  and  covering  a  range  of  signalling 
speeds,  noise,  interference,  and  other  variables. 

A  frequency-shift  arrangement  with  amplitude  limiter  is  substantially 
unaffected  by  non-selective  level  changes  and  relatively  insensitive  to  noise 
currents.  However,  mterfering  currents  from  similar  flanking  channels  are 
greater  than  when  using  the  other  methods.  It  has  bias  instability  when 
the  mean  carrier  frequency  drifts.  None  of  the  arrangements  tested  had 
any  compensation  for  drifting  of  the  mean  carrier  frequency.  However, 
it  is  known  that  automatic  compensation  for  this  may  be  obtained  by  various 
special  methods  not  here  described. 

A  channel  using  the  on-off  method  is  less  sensitive  to  frequency  drift, 
slightly  faster  for  a  given  band  width,  and  cheaper  in  terminal  equipment 
than  that  using  the  frequency-shift  method.  The  interfering  currents  from 
similar  flanking  channels  using  the  on-off  method  are  quite  small.  Weak- 
nesses of  the  on-off  method  are  greater  sensitivity  to  noise  and  level  changes. 
However,  on  good  wire  lines,  when  a  level  compensator^^  is  used,  these 
weaknesses  are  unimportant,  and  the  on-off  method  is  satisfactory.  Of 
course,  these  weaknesses  become  important  on  radio  circuits  when  noise  is 
strong  and  when  fades  are  too  rapid  or  too  severe  to  be  overcome  by  the 
level  compensator. 

The  greatest  speed  for  a  given  band  width  is  attainable  by  the  single- 
sideband  method.  Unfortunately  this  method  is  poor  from  the  standpoint 
of  interchannel  interference,  is  the  most  susceptible  to  noise,  and,  unless 
special  compensating  devices  are  used,  is  the  most  sensitive  to  carrier  fre- 
quency drift  and  level  changes. 

Several  arrangements  were  also  investigated  which  utilized  approximately 
double  the  band  width  of  those  mentioned  in  the  preceding  paragraph. 
Among  these,  the  two-source  method  is  the  best  of  all  the  methods  herein 
mentioned  from  the  standpoint  of  insensitivity  to  changes  in  carrier  fre- 
quency, whether  or  not  a  limiter  is  used.  If  a  limiter  is  used  this  arrange- 
ment ranks  well  in  its  ability  to  withstand  non-selective  level  changes. 
Two-source  arrangements  are  sensitive  to  differences  between  the.  marking 
and  spacing  levels,  but  some  advantage  is  obtained  by  the  use  of  a  limiter. 
The  distortion  vs.  speed  characteristic  of  the  two-source  method  without 
limiter  is  about  the  same  as  that  of  the  linear  on-off  method  utilizing  half  the 
band  width  of  the  two-source  method.  As  previously  explained,  the  use  of 
a  limiter  with  this  method  causes  distortion  and  materially  reduces  the  max- 
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imum  operating  speed.  From  a  noise  standpoint  the  two-source  arrange- 
ment without  limiter  has  a  slight  advantage  over  the  Unear  on-ofif  method. 
When  a  limiter  is  used,  the  two-source  arrangement  is  inferior  to  the  linear 
on-off  method  due  to  the  distortion  inherent  in  this  arrangement. 

In  the  one-source  two-band  arrangement  the  limiter  does  not  cause  dis- 
tortion, and  a  wider  range  of  frequency  components  is  transmitted  than  by 
the  two-source  method.  For  these  reasons,  the  one-source  two-band 
arrangement  has  a  maximum  working  speed  considerably  higher  than  the 
two-source  arrangement.  The  one-source  two-band  arrangement  ranks 
close  to  the  two-source  method  with  limiter  in  its  ability  to  withstand  non- 
selective level  changes,  but  its  susceptibility  to  carrier  frequency  changes  is 
greater. 

A  frequency-shift  arrangement  utilizing  approximately  the  same  band 
width  as  the  two-source  arrangement  is  found  to  have  appreciably  higher 
speed  and  less  sensitivity  to  noise,  but  unless  compensation  is  provided  this 
frequency-shift  arrangement  is  considerably  more  susceptible  to  carrier 
frequency  changes.  A  further  reduction  in  noise  sensitivity  may  be  ob- 
tained by  the  use  of  a  low-pass  filter  at  the  detector  output  with  a  cut-off 
frequency  low  enough  to  limit  the  speed  to  that  attainable  with  the  normal- 
band  frequency-shift  arrangement. 

Economic  considerations  should  also  be  given  due  weight  in  selecting  an 
optimum  arrangement  for  a  specific  application.  For  example,  the  on-off 
method  has  been  widely  used  on  certain  wire  lines  of  the  Bell  System,  because 
appreciable  level  changes  are  gradual  and  the  lines  are  relatively  quiet. 
For  this  application,  the  level  compensated  on-off  method  therefore  gives 
satisfactor\-  service  with  a  minimum  amount  of  apparatus,  and  the  terminal 
arrangements  are  fairly  simple  and  easy  to  maintain.  On  radio  links  subject 
to  noise  and  fading,  the  more  expensive  frequency-shift  and  two-source 
methods  have  frequently  been  selected  because  of  their  greater  reliability 
under  such  adverse  conditions.  The  on-ofif  and  two-source  arrangements 
have  the  advantage  that  common  carrier  generators  (or  oscillators)  may 
be  used  for  a  number  of  channels. 


Abstracts  of  Technical  Articles  by  Bell  System  Authors 

Weathering  of  Soft  Vulcanized  Rubber}  James  Crastree  and  A .  R .  Kemp. 
Two  separate  and  distinct  processes  are  responsible  for  the  breakdown  of 
soft  vulcanized  rubber  when  exposed  to  outdoor  weathering — light-energized 
oxidation  and  attack  by  atmospheric  ozone.  The  former  is  independent  of 
stress  and  controllable  to  any  marked  extent  only  by  incorporation  of 
opaquing  fillers.  The  latter  affects  rubber  only  when  under  stress  and  is 
checked  to  a  considerable  degree  by  addition  of  certain  hydrocarbon  waxes 
as  long  as  the  stress  is  static.  The  conditions  affecting  these  processes  have 
been  investigated,  and  suggestions  for  accelerated  aging  are  made  on  the 
basis  of  the  findings. 

A  Note  on  a  Simple  Transmission  Formula}  Harald  T.  Friis.  A  simple 
transmission  formula  for  a  radio  circuit  is  derived.  The  utility  of  the 
formula  is  emphasized  and  its  limitations  are  discussed. 

Applicatio-ns  of  Thin  Permalloy  Tape  in  Wide-Band  Telephone  and  Pulse 
Transformers }  A.  G.  Ganz.  The  properties  and  uses  of  thin  permalloy 
tapes  ranging  from  two  mils  to  as  little  as  1/8  mil  thick  in  tape  cores  are 
described.  Typical  applications  covered  are  in  transformers  and  non-linear 
coils  for  radar  and  for  telephone  systems.  Data  are  given  on  the  steady 
a-c.  properties  of  thin  tapes  up  to  one  megacycle.  Pulse  magnetization  of 
the  tape  is  analyzed.  The  available  flux  density  range  with  uni-directional 
pulses  and  the  effects  of  appropriate  air  gaps  and  of  reverse  magnetization 
between  pulses  are  illustrated.  Equations  are  given  for  flux  distribution, 
effective  permeability  and  loss,  assuming  linear  magnetic  properties,  and 
convenient  graphs  for  these  characteristics  are  included.  Simple  expressions 
are  developed  for  effective  permeability  and  loss,  which  are  approximations 
for  the  high  d-c.  permeability  and  rapid  transition  to  saturation  which 
characterize  the  permalloys. 

Derivation  of  the  Lorentz  Transformations.^  Herbert  E.  Ives.  The 
Lorentz  transformations  were  obtained  by  Lorentz  as  a  succession  of  ad  hoc 
inventions,  to  reconcile  Maxwell's  theor>'  with  the  results  of  experiments  on 
moving  bodies.     By  Einstein  they  were  derived  after  a  discussion  of  the 

1  Indus.  &  Engg.  Chemistry,  March  1946. 
^Proc.  I.R.E.,  May  1946. 
^Elec.  Engg.,  Trans.  Sec,  April  1946. 
■•  Phil.  Mag.,  June  1945. 
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nature  of  simultaneity,  and  the  adoption  of  a  definition  of  simultaneity  which 
violates  the  intuitive  and  common-sense  meaning  of  that  term.  It  is  the 
purpose  of  this  paper  to  show  that  these  transformations  can  be  derived  by 
imposing  the  laws  of  conservation  of  energy  and  of -momentum  on  radiation 
processes  as  developed  by  Maxwell's  methods. 

The  Efect  of  High  Humidity  and  Fungi  on  the  Insulation  Resistance  of 
Plastics}  John  Leutritz,  Jr.  and  David  B.  Herrmann.  The  decrease 
in  insulation  resistance  of  methyl  methacrylate,  glass  bonded  mica,  glass 
mat  laminate  phenolic,  phenol  fabric,  phenol  fiber,  and  wood  flour  filled 
phenol  plastic  is  determined  during  prolonged  exposure  of  the  plastics  to 
fungi  and  97  per  cent  relative  humidity  at  25  C.  The  same  plastics  with 
fungi  present  also  are  exposed  to  87,  76,  and  52  per  cent  relative  humidity  to 
study  their  recovery,  and  then  re-exposed  to  97  per  cent  relative  humidity. 
Samples  with  cleaned  surfaces  and  with  varnished  surfaces  are  dried  and  then 
exposed  to  fungi  and  high  humidity.  The  insulation  resistance  of  a  fungus 
network  on  methyl  methacrylate  is  determined  at  87,  76,  and  52  per  cent 
relative  humidity. 

Fungus  growth  occurs  on  all  the  test  specimens  except  those  with  cleaned 
or  varnished  surfaces.  The  decrease  in  insulation  resistance  is  retarded  by 
the  varnish.  The  degradation  is  due  entirely  to  moisture.  The  rate  of 
recovery  is  dependent  on  the  composition  and  structure  of  the  materials. 
None  of  the  plastics  is  permanently  affected  by  exposure  to  fungi  and  high 
humidity.  Cleaning  of  surfaces  and  removal  of  moisture  restore  the  insu- 
lation resistance  to  its  original  high  value  in  every  case.  Water  adsorption 
and  absorption,  not  fungi,  are  the  critical  factors  in  the  deterioration  of  the 
insulation  resistance  of  these  plastics. 

The  Elastic,  Piezoelectric,  and  Dielectric  Constants  of  Potassium  Dihy- 
drogen  Phosphate  and  Ammaniuni  Dihydrogen  Phosphate.^  W.  P.  Mason. 
Measurements  have  been  made  of  all  the  elastic,  piezoelectric,  and  dielectric 
constants  of  KDP  and  ADP  crystals  through  temperature  ranges  down  to 
the  Curie  temperatures.  The  piezoelectric  properties  agree  well  with  Muell- 
er's phenomenological  theory  of  piezoelectricity  provided  the  fundamental 
piezoelectric  constant  is  taken  as  the  ratio  of  the  piezoelectric  stress  to  that 
part  of  the  polarization  due  to  the  hydrogen  bonds.  It  is  found  that  the 
dielectric  properties  of  KDP  agree  well  with  the  theory  presented  by  Slater 
based  on  the  interaction  of  the  hydrogen  bonds  with  the  PO4  ions.  ADP 
undergoes  a  transition  at  —  125''C  which  results  in  fracturing  the  crystal. 
This  transition  cannot  be  connected  with  the  H2PO4  hydrogen  bond  .system 

^A.S.T.M.  Bulletin,  January  1946. 
8  Phys.  Rev.,  March  1  and  15,  1946. 


534  BELL  SYSTEM  TECHNICAL  JOURNAL 

which  controls  the  dielectric  and  piezoelectric  properties,  for  these  lie  on 
smooth  curves  that  do  not  change  slope  as  the  transition  temperature  is 
approached.  It  is  suggested  that  two  separate  and  independent  hydrogen 
bond  systems  are  involved  in  ADP.  The  transition  temperature  and 
specific  heat  anomaly  appear  to  be  connected  with  hydrogen  bonds  between 
the  nitrogens  and  the  oxygens  of  the  PO4  ions,  while  the  dielectric  and 
piezoelectric  properties  are  controlled  by  the  H2PO4  hydrogen  bonds. 

Nonlinearity  in  Frequency-Modulation  Radio  Systems  due  to  MuUipath 
Propagation.'^  S.  T.  Meyers.  A  theoretical  study  is  made  to  determine 
the  effects  of  multipath  propagation  on  over-all  transmission  characteristics 
in  frequency-modulation  radio  circuits.  The  analysis  covers  a  simplified 
case  where  the  transmitted  carrier  is  frequency-modulated  by  a  single  mod- 
ulating frequency  and  is  propagated  over  two  paths  having  relative  delay  and 
amplitude  differences.  Equations  are  derived  for  the  receiver  output  in  terms 
of  the  transmitter  input  for  fundamental  and  harmonics  of  the  modulating 
frequency.  Curves  are  plotted  and  discussed  for  various  values  of  relative 
carrier-  and  signal-frequency  phase  shift  and  relative  amplitude  difference 
of  the  received  waves. 

The  results  show  that  a  special  kind  of  amplitude  nonlinearity  is  produced 
in  the  input-output  characteristics  of  an  over-all  frequency-modulation 
radio  system.  Under  certain  conditions,  sudden  changes  in  output-signal 
amplitude  accompany  the  passage  of  the  input-signal  amplitude  through  cer- 
tain critical  values.  Transmission  irregularities  of  this  type  are  proposed 
as  a  possible  explanation  of  so-called  "volume  bursts"  sometimes  encoun- 
tered in  frequency-modulation  radio  circuits.  In  general,  it  appears  that 
amplitude  and  frequency  distortion  are  most  severe  where  the  relative  delay 
between  paths  is  large  and  the  amplitude  difference  is  small. 

Propagation  of  6-Millifneter  W'aves.^  G.  E.  Mueller.  One  step  in  the 
exploration  of  a  new  band  of  frequencies  for  communications  purposes  is  a 
study  of  the  transmission  properties  of  the  medium  involved.  This  paper 
describes  the  methods  and  results  of  measurements  of  attenuation  due  to 
rainfall  and  atmospheric  gases  at  a  wavelength  of  0.62  centimeter. 

The  one-way  attenuation  due  to  moderate  rains  at  0.62  centimeter  is 
roughly  0.6  decibel-per-mile  per  millimeter-per-hour.  The  gas  attenuation 
is  probably  less  than  0.2  decibel  per  mile. 

Vicalloy — -I  Workable  Alloy  for  Permanent  Magnets.''  E.  A.  Xesbitt. 
Alloys  in  the  region  of  30  to  52  per  cent  iron,  36  to  62  per  cent  cobalt,  and  4 

TProc.  I. R.E.,  May  1946. 
»Proc.  I. R.E.,  April  1946. 
9  Metals  Technology,  February  1946, 
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to  16  per  cent  vanadium  were  investigated  with  the  result  that  permanent 
magnet  materials  of  unusual  mechanical  as  well  as  magnetic  properties  were 
discovered.  The  alloys  differ  from  most  age-hardening  alloys  in  that  the 
gamma  phase,  stable  at  high  temperatures,  is  dispersed  in  the  alpha  phase, 
stable  at  low  temperatures,  instead  of  vice  versa. 

Distribution  of  Sample  Arrangements  for  Runs  Up  and  Doum?^  P.  S. 
Olmste.ad.  Using  the  notation  of  Levene  and  Wolfowitz,  a  new  recur- 
sion formula  is  used  to  give  the  exact  distribution  of  arrangements  of  n  num- 
bers, no  two  alike,  with  runs  up  or  down  of  length  p  or  more.  These  are 
tabled  for  n  and  p  through  n  =  14.  An  exact  solution  is  given  for  p  >  n/2. 
The  average  and  variance  determined  by  Levene  and  Wolfowitz  are  pre- 
sented in  a  simplified  form.  The  fraction  of  arrangements  of  n  numbers 
with  runs  of  length  p  or  more  are  presented  for  the  exact  distributions, 
for  the  limiting  Poisson  Exponential,  and  for  an  extrapolation  from  the 
exact  distributions.     Agreement  among  the  tables  is  discussed. 

Radar  Systems  Considerations}^  D.  A.  Quarles.  In  the  broad  field  of 
radio  technology,  radar  (object  location)  systems  have  come  to  occupy  a 
relatively  new  but  highly  specialized  area.  Because  radar  is  a  seeing  and 
measuring  art,  it  has  put  a  special  premium  on  short  wavelength  and  has 
thus  tended  to  accelerate  greatly  the  already  rapid  trend  toward  higher 
frequencies.  Moreover,  many  radar  systems  are  associated  with  computer 
and  serv'o  mechanisms  for  automatic  control  purpose  such  as  gunfire,  bomb 
release  and  the  like.  To  meet  these  new  needs,  a  dozen  or  more  highly 
developed  fields  of  specialization  covering  such  components  as  antennas, 
pulse  transmitters  and  display  devices  have  been  created.  Planning  a  new 
radar  system  calls  for  an  appraisal  of  these  component  arts  and  for  selection 
and  balancing  of  component  characteristics  to  produce  an  integrated 
system.  The  present  paper  deals  with  such  technical  considerations  in- 
volved in  planning  an  overall  radar  system  as  a  background  for  other  more 
detailed  technical  expositions  of  the  component  arts. 

The  Effect  of  Rain  upon  the  Propagation  of  Wares  in  the  1-  and  3-Centimeter 
Regions}"  Si.oax  1).  Robertson  and  Archie  P.  King.  This  paper 
presents  some  experimental  results  which  show  the  effect  of  rain  upon 
the  transmission  of  electromagnetic  waves  in  the  region  between  1  and  4 
centimeters. 

At  a  wavelength  of  1.09  centimeters,  the  waves  are  appreciably  attenuated, 

^^ Annals  of  Mathematical  Statistics,  March  1946. 
^^Elec.  Engg.,  Trans.  Sec,  .\pril  1946. 
«Proc. /./?.£.,  April  1946. 
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even  by  a  moderate  rain.     Attenuations  in  excess  of  25  decibels  per  mile 
have  been  observed  in  rain  of  cloudburst  proportions. 

The  attenuation  of  waves  somewhat  longer  than  3  centimeters  is  slight 
for  moderate  and  light  rainfall.  During  a  cloudburst,  however,  the  attenu- 
ation may  approach  a  value  of  5  decibels  per  mile. 

The  Advancing  Statistical  Front}^  W.  A.  Shewhart.  From  the  view- 
point of  general  education,  statistics  is  not  simply  a  tool  as  is  so  often  stated, 
but  a  scientific  way  of  looking  at  the  universe;  statistical  method  is  not 
something  apart  from  scientific  method  but  is  scientific  method  in  which 
the  three  steps,  hypothesis,  experiment,  and  test  of  hypothesis,  are  adjusted 
to  allow  for  the  fact  that  scientific  inference  is  only  probable.  Applications 
of  statistics  in  this  sense  are  rapidly  extending  to  all  fields  of  pure,  back- 
ground, and  applied  reserch. 

A  New  Crystal  Channel  Filter  for  Broad  Band  Carrier  Systems}*  E.  S. 
Willis.  A  new  crystal  channel  filter  for  use  in  broad-band  carrier  tele- 
phone systems  is  described.  It  requires  less  than  two-thirds  as  much 
mounting  space  as  the  earlier  design  and  savings  in  materials  and  manufac- 
turing effort  are  realized.  The  savings  were  made  possible  by  assembling 
the  four  crystal  units  in  one  lattice-type  filter  section  rather  than  two, 
resulting  in  a  reduction  in  the  number  of  component  coils  and  capacitors. 

^^Jour.  Anier.  Statis.  Assoc,  March  1946. 
^*Elec.  Engg.,  Trans.  Sec,  March  1946. 
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A  Study  of  the  Delays  Encountered  by  Toll  Operators  in 
Obtaining  an  Idle  Trunk 

By  S.  C.  RAPPLEYE 

THE  aim  of  the  Bell  System  is  to  give  the  fastest  possible  toll  service 
consistent  with  costs.  The  aim  of  the  Intertoll  Trunk  Engineer  is  to 
provide  the  proper  number  of  trunks  in  each  group  to  obtain  that  objective. 
His  problem  is  to  gauge  the  effect  of  his  work  on  the  overall  speed  of  service. 

Overall  speed  of  toll  service  is  the  elapsed  interval  from  the  filing  of  a  call 
until  conversation  starts  or  until  there  is  a  definite  report  about  the  called 
party.  This  overall  speed  includes  the  operating  time  or  interval  required 
for  the  operators  to  establish  the  connection;  the  subscriber  time  or  interval 
required  for  the  calling  party  to  give  the  details  of  the  call,  for  the  called 
party  to  answer  his  telephone,  etc.;  and  the  circuit  delay  time  or  interval  of 
waiting  for  a  trunk  to  become  idle.  This  last  factor  may  be  termed  the 
trunk  speed  interval. 

The  proportion  of  this  trunk  speed  to  the  overall  speed  is  an  important 
factor  in  determining  the  number  of  trunks  to  be  provided.  If  it  is  a  large 
proportion  of  the  total,  a  marked  improvement  may  be  expected  as  a  result 
of  providing  more  trunks.  Conversely,  if  the  trunk  speed  is  a  small  pro- 
portion of  the  total,  the  improvement  to  be  expected  as  a  result  of  providing 
more  trunks  will  be  small  also,  with  a  diminishing  rate  of  improvement  until 
the  trunk  speed  ceases  to  be  a  factor.  The  trunk  speed  in  turn  depends  upon 
three  factors: 

Group  size — number  of  trunks  to  the  called  city  or  in  the  direction  of  the 
called  city. 

The  per  cent,  usage— the  degree  to  which  the  trunks  are  kept  busy  in 
carrying  the  load  offered. 

Holding  time — the  length  of  time  that  a  trunk  is  in  use  each  time  it  is  used. 

Since  the  trunk  speed  depends  in  part  on  the  per  cent,  usage,  it  follows 
that  this  interval  will  be  longer  in  the  busiest  hour  when  the  usage  is  greatest 
and  will  be  shorter  in  the  hours  which  are  less  busy.  Consequently,  the 
trunk  speed  inter\^al  over  the  total  day  will  be  much  less  than  in  the  busiest 
hour. 
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Purpose  of  Study 

Earlier  information,  based  on  data  assembled  in  Cleveland  in  1929  and 
1930,  was  formulated  as  a  series  of  relationships  between  varying  degrees  of 
loading  (in  terms  of  busy  hour  per  cent,  use)  on  trunk  groups  of  different 
sizes  and  the  overall  speed  of  service.  These  relationships  were  set  forth  in  a 
table  which  was  to  be  used  as  a  guide  to  the  trunk  provision  needed  to  ac- 
complish a  desired  overall  service  result. 

The  table  also  furnished  the  percent  calls  encountering  an  NC  (no  circuit) 
condition  but  made  no  specific  reference  to  the  average  duration  of  NC 
although  from  the  data  shown  it  could  be  inferred  and  demonstrated  that 
other  factors,  such  as  operating  method,  operating  and  party  delays,  nor- 
mally have  a  more  pronounced  influence  on  the  total  day  overall  speed  of 
service  than  the  busy  hour  trunk  provision.  That  being  so,  as  changing 
conditions  since  1930  have  affected  these  other  factors,  either  in  the  direction 
of  faster  or  slower  service,  the  relationships  in  terms  of  overall  speed 
of  service  shown  in  that  table  have  become  less  valuable  as  engineering 
guides. 

The  purpose  of  the  current  study,  therefore,  was  to  improve  the  engineer- 
ing and  management  tools  used  in  determining  the  number  and  arrangement 
of  trunks  required  to  attain  faster  toll  service  so  that  the  investment  in 
facilities  may  be  used  as  effectively  as  possible. 

Study  Procedure 

The  study  was  based  on  the  premise  that  if  the  size  of  group,  per  cent, 
usage  and  holding  time  are  knowoi,  the  trunk  speed  can  be  determined  and  will 
remain  constant  under  that  particular  set  of  conditions.  With  this  constant 
known,  it  would  then  become  possible  to  construct  from  analyses  of  overall 
speed  of  service  data  for  groups,  offices,  areas  or  networks  the  going  relation- 
ship between  the  trunk  speed  of  service  and  the  overall  speed  of  service  and 
to  predict  with  reasonable  assurance  the  effect  on  the  overall  speed  which 
would  be  brought  about  by  changes  in  the  group  sizes  or  traffic  character- 
istics. The  effect  of  foreseen  changes  in  operating  method,  force  conditions 
or  the  character  of  the  toll  traffic  on  the  overall  speed  can  be  estimated  sepa- 
rately and  taken  into  consideration  in  determining  the  basis  of  trunk  pro- 
vision. With  such  information  available,  trunks  can  be  provided  where 
they  will  be  most  effective.  This  is  especially  important  during  periods  of 
major  change  such  as  the  transition  from  war  to  peacetime  conditions  or 
from  the  ringdown  to  the  dial  method  of  toll  operation. 

The  problem  was  therefore  to  determine  the  average  delay  in  securing  a 
trunk  with  various  sizes  of  groups  at  various  levels  of  usage  with  a  view  to: 

Stating  that  portion  of  the  overall  speed  of  servdce  which  results  from 
inability  to  secure  a  circuit,  and 
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Constructing  engineering  tables  based  on  a  preselected  constant  circuit 

delay  or  trunk  speed  of  service. 
Arrangements  were  made  with  several  Associated  Companies  to  furnish 
data  for  this  purpose  which  would  show: 

1.  The  average  overall  sj^eed  of  service  on  different  sizes  of  groups  under 

various  conditions  of  loading. 

2.  The  minimum  average  overall  speed  interval  on  these  same  groups  at 

times  when  circuit  {provision  was  not  a  factor,  i.e.,  when  NC  condi- 
tions were  not  encountered. 
The  speeds  obtained  in  Item  2  were  subtracted  from  those  obtained  in  Item 
1,  the  difference  representing  that  portion  of  the  overall  speed  which  can  be 
attributed  to  circuit  delay,  or  the  trunk  speed. 

In  order  to  determine  these  trunk  speeds  it  was  necessary  to  obtain  from 
several  sources  as  much  data  as  possible  of  the  following  nature: 

Per  cent,  circuit  usage,  by  hours,  as  derived  from  group  busy  timing 
registers  on  selected  groups  of  various  sizes.     Hours  during  which  the 
traffic  over  a  group  was  handled  subject  to  posted  delay  were  dis- 
regarded. 
The  number  of  originating  terminal  calls  handled  over  the  groups  during 
the  hours  corresponding  to  the  usage  data  and  the  average  speed  of 
servdce  on  these  calls.     The  call  and  speed  of  service  data  were  sum- 
marized first  to  include  all  calls  and  then  separately  for  calls  not  en- 
countering NX.     Correction  was  made  for  transfer  of  tickets  to  point- 
to-point  positions  by  subtracting  from  the  speed  shown  on  each  such 
ticket  an  inter\'al  representing  the  average  length  of  time  required  to 
send  a  ticket  to  point-to-point  positions  in  the  office  in  which  the  data 
were  obtained,  provided  the  transfer  time  was  included  in  the  overall 
speed  inter\'al.     This  interval  of  transfer  time  is  not  properly  chargeable 
as  part  of  the  trunk  speed. 
These  data  were  obtained  for  trunk  groups  of  various  sizes  ranging  from 
one  up  to  eighteen  trunks.     To  secure  a  comparable  amount  of  data  for  the 
smaller  groups  which  handle  fewer  calls,  it  was  necessary  to  include  more 
of  the  smaller  groups  or  to  continue  the  record  for  a  longer  period  of  time  on 
such  groups. 

The  data  for  all  hours  of  the  day  or  evening  were  useful  because  as  the 
volume  of  traffic  recedes  from  the  busy  hour  the  data  are  typical  of  the  busy 
hour  condition  of  other  groups  engineered  on  a  more  liberal  basis.  The 
very  light  hours  also  show  the  minimum  speed  interv^al  which  can  be  ob- 
tained when  lack  of  an  available  circuit  is  not  a  factor. 

Five  Associated  Comi)anies  obtained  data  at  eleven  toll  offices  on  112 
intertoll  groups  having  561  trunks.  Approximately  17,000  calls  (occurring 
during  hours  when  the  groups  were  at  least  40%  busy)  were  included. 
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The  data  were  summarized  by  size  of  group  and  by  circuit  usage.  Sepa- 
rate counts  were  maintained  for  groups  with  and  without  alternate  routes 
and  for  person  and  station  traffic.  The  following  tabulation  shows  the 
type  of  data  available  for  each  point,  i.e.,  each  size  of  group  at  each  level  of 
usage. 

One  Trunk — with  Alternate  Route — 61-70%  Use 


%Use 

Type 

All  CaUs 

Calls  Not  Encountering  NC 

Minutes 

CaUs 

Speed 

Minutes 

Calls 

Speed 

61-65 
66-70 

Station 
Person 
Station 
Person 

111 
109 
103 
117 

23 
38 
25 
28 

39 
68 
33 
54 

17 
32 
21 

25 

Total    

440 

114 

3.86 

194 

95 

2.04 

Average  Speed— All  Calls 3 .86  Mins. 

Average  Speed — NC  not  Encountered 2 .04  Mins. 

Average  Delay  Due  to  NC  (Trunk  Speed) 1 .82  Mins. 

The  results  were  plotted  for  each  level  of  usage  by  steps  of  10%  as  shown 
in  P'ig.  1,  using  a  3-point  moving  average  to  smooth  out  the  deviations  and 
to  establish  a  more  definite  trend.  Each  of  these  curves  was  then  redrawn 
in  relation  to  the  others  and  combined  results  are  shown  on  Fig^  2. 

The  delay  intervals  indicated  in  Fig.  2  represent  the  total  delay  which 
resulted  from  the  fact  that  there  was  no  circuit  available  when  the  operator 
was  first  ready  to  make  use  of  one.  It  includes  not  only  the  time  spent  in 
waiting  for  a  circuit  to  become  idle  but  also  the  time  required  for  the  operator 
herself  to  return  to  that  call  if  she  had  engaged  in  some  other  work  in  the 
meantime.  If  the  operator  is  not  free  to  utilize  the  circuit  as  soon  as  it 
becomes  available  some  other  operator  may  use  it  for  another,  later  call. 
The  subsequent  call  is  then  delayed  less  than  the  average,  or  not  at  all, 
but  the  original  call  is  delayed  longer  than  the  average.  While  the  delays 
experienced  by  individual  calls  may  vary  considerably  from  the  average, 
the  data  have  been  treated  in  terms  of  averages  for  engineering  purposes. 

Mathematical  Formulae 
The  summarized  data  were  referred  to  the  different  mathematical  ex- 
pressions frequently  applied  to  trunking  problems,  such  as  the.  Poisson, 
Erlang  "B"  and  Erlang  "C"  formulae.  It  was  found  that  the  observed 
average  NC  delays  were  considerably  shorter  than  the  theoretical  average 
delays  in  those  formulae  which  make  allowance  for  variable  holding  times, 
such  as  would  be  encountered  in  local  trunking  where  the  average  trunk  use 
is  short  and  the  deviations  from  average  on  a  percentage  basis  are  apt  to  be 
appreciable. 
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Fig.  1 — Average  circuit  delay  on  all  calls  (with  alternate  routes  where  authorized). 
Circuit  delay  =  average  sjieed  on  all  calls  minus  average  speed  on  calls  which  did  not 
encounter  NC.     Based  on  3-point  moving  average. 
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However,  further  reference  to  mathematical  studies  of  telephone  traffic 
indicated  that  a  delay  theory  based  on  constant  holding  times,  first  developed 
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Fig.  2 — Average  circuit  delay  on  all  calls  (with  alternate  routes  where  authorized). 
Circuit  delay  =  average  speed  on  all  calls  minus  average  speed  on  calls  which  did  not 
encounter  NC.     Combined  curves  based  on  16,745  calls. 

by  Felix  PoUaczek  in  Germany  and   amplified   by  C.  D.   Crommelin  in 
England,    closely    approximated    the   empirical   data.     This    formula^    is: 


d-H 


{awY 


(aiv)"' 


In  which 

d  —  average  delay  on  all  calls 

a  =  average  simultaneous  calls  submitted  to  a  group  of  c  trunks  (trunk 

hours) 
c  =  number  of  trunks  in  group 

It  may  be  quite  reasonable  that  the  Pollaczek  constant  holding  time  formula 
should  better  represent  toll  delays  than  an  exponential  holding  time  formula 
since  the  toll  charge  and  perhaps  other  factors  ordinarily  cause  these  calls 


•  C.  D.  Crommelin,  "Delay  Probability  Formulae,"  F.O.E.E.  Journal,  Jan.  1934,  p.  266 
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to  exhibit  considerably  less  percentage  deviation  from  their  average  than 
is  found  in  the  exponential  distribution. 

In  order  to  compare  the  empirical  data  with  the  PoUaczek  formula  it  was 
necessar}^  to  assume  a  holding  time  per  attempt  since  the  formula  expresses 
the  delays  in  terms  of  the  average  interval  of  use  whenever  the  circuit  is  in 
use.  The  average  holding  time  as  reported  by  the  companies  for  the  groups 
included  in  the  study  was  8.3  minutes  per  message.  Recent  data  show  1.42 
attempts  per  call  disposed  of.  Relating  this  figure  to  the  8.3  minutes  re- 
sults in  an  average  holding  time  per  circuit   use   of  5.85   minutes.     Six 


7  8  9 

SIZE  OF  GROUP 


Fig.  3 — Average  circuit  delay  on  all  calls. 
Comparison  of  empirical  data  (with  alternate  routes)  and  Pollaczek  formula  (no  alter- 
nate routes)  u?ing  a  6  minute  holding  time. 

minutes  is  therefore  well  within  the  limits  of  accuracy  required  for  this 
purpose. 

Curves  were  prepared  from  the  Pollaczek  formula  for  various  levels  of 
usage  at  a  6-minute  holding  time  per  attempt.  The  corresponding  curves 
derived  from  the  empirical  data  were  then  superimposed  for  comparative 
purposes  as  shown  in  Fig.  3.  It  will  be  seen  that  the  shape  and  levels  of  the 
curv-es  are  very  similar  except  for  the  smaller  groups  on  which  the  effect  of 
alternate  routes  tends  to  reduce  the  average  length  of  delay. 

As  a  further  check  on  the  validity  of  the  Pollaczek  formula,  the  delay 
data  from  the  Cleveland  (1929-1930)  study  were  expressed  in  terms  of  hold- 
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ing  times  for  dififerent  group  sizes  at  different  levels  of  usage  and  compared 
with  delay  intervals  developed  from  the  formula.     This  comparison   is 

Comparison  of  1945  Study  with  Cleveland  Study  of  1929-30 

Based  on  3.5    Min.  HT  per  Circuit  Attempt 

or  5.25  Min.  HT  per  Message 


Minutes  Delay 

%  of  H.T. 

%  Use 

Cleveland 

1945 

Cleveland 

1945 

1 

55-60 

.8 

.8 

21 

22 

1 

65-70 

1.1 

1.2 

30 

35 

1 

75-80 

1.5 

1.9 

43 

53 

1 

85-90 

2.7 

3.0 

76 

86 

3 

55-60 

.3 

.5 

09 

13 

3 

65-70 

.5 

.8 

14 

22 

3 

75-80 

.9 

1.3 

24 

36 

3 

85-90 

1.8 

2.4 

51 

68 

6 

55-60 

.1 

.1 

03 

04 

6 

65-70 

.3 

.3 

09 

08 

6 

75-80 

.6 

.6 

16 

16 

6 

85-90 

1.3 

1.7 

36 

48 

10 

55-60 

.1 

__ 

02 

01 

10 

65-70 

.3 

.1 

07     . 

03 

10 

75-80 

.4 

.3 

12 

08 

10 

85-90 

1.0 

1.0 

28 

28 

14 

55-60 

.1 

01 

14 

65-70 

.2 

.1 

05 

02 

14 

75-80 

.3 

.2 

09 

05 

14 

85-90 

.8 

.7 

23 

19 

The  minutes  of  circuit  delay  shown  above  for  the  Cleveland  study  are  derived  by 
subtracting  the  minimum  speed  of  1.65  minutes  from  the  actual  overall  speed  for  the 
various  sizes  of  groups  and  levels  of  usage.  The  comjjarable  1945  figures  are  taken  from 
Fig.  5. 

It  will  be  noted  that  the  principal  differences  occur  on  the  smaller  groups  at  the  higher 
levels  of  usage.  This  is  undoubtedl\-  due  to  the  fact  that  the  alternate  routes  are  more 
heavily  loaded  today  than  they  were  in  1929-30  and  therefore  are  less  helpful  in  absorbing 
the  overflow  from  the  first  route. 

The  holding  time  used  in  this  comparison  as  j^roliabl}  typical  of  1929-30  is  derived  as 
follows: 

Conversation  time 3 .OOminutes 

Operating  time 2.25  minutes 

5.25  minutes 

No.  of  Circuit  Uses  per  Message 1  •  50 

HT  per  Circuit  Use  (5.25  H-  1.50) 3.50 

Fig.  4 


shown  in  Fig.  4.  It  will  be  seen  that  there  is  substantial  agreement  between 
the  two  sets  of  delay  factors,  such  differences  as  there  are  being  explained 
in  the  notes  on  that  figure. 
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The  delay  in  securing  a  circuit  varies  directly  with  the  holding  time, 
i.e.,  a  call  waiting  for  a  circuit  will  be  delayed  twice  as  long  if  the  group  is 
handling  10-minute  calls  as  would  be  the  case  with  5-minute  calls.  This  is 
best  illustrated  by  one  call  awaiting  access  to  a  single  circuit  group.  The 
new  call  may  appear  at  any  time  during  the  progress  of  the  existing  call, 
but  the  average  delay  for  many  such  delayed  calls  will  be  one-half  the  hold- 
ing time  of  the  existing  call.  If  the  existing  call  uses  the  circuit  for  five 
minutes,  the  new  call  will  wait  5  ^  2  =  2.5  minutes.  If  the  existing  call 
uses  the  circuit  for  ten  minutes,  the  new  call  will  wait  five  minutes.  It 
should  be  noted  that  the  average  delay  depends  upon  the  average  length  of 
time  that  the  circuit  is  in  use  each  time  that  it  is  used,  in  other  words,  the 
holding  time  per  circuit  attempt. 

The  Cleveland  study  did  not  go  into  this  phase  in  detail,  the  statement 
being  made  that  the  effect  of  holding  time  on  speed  of  service  "is  slight." 
This  is  so  when  considering  the  overall  speed  of  ser\'ice,  with  which  that 
study  was  primarily  concerned,  because  of  the  weight  of  operating  and  sub- 
scriber time  intervals.  Reference  to  that  study  shows  that  the  circuit 
delay  increased  about  in  proportion  to  the  holding  time  when  a  minimum  oper- 
ating and  subscriber  time  inter\^al  is  subtracted  from  the  overall  speed, 
as  follows: 

Holding  Time 
5'  7.5'  10' 

Total  Overall  Speed 2.2  2.6  3.0 

Minimum     Operating     and     Subscriber     Time 

Interval 1-6  ^6  1L6 

'  Average  NC  Delay-Trunk  Speed 6  1.0  1.4 

COMBINATIOX    OF    MATHEMATICAL  AND  EMPIRICAL  METHODS 

Because  of  the  apparent  close  agreement  between  the  Pollaczek  delay 
formula  and  two  representative  large  samples  of  actual  NC  delay  data  taken 
at  different  periods  and  under  widely  different  conditions,  1930  and  1945, 
the  Pollaczek  formula  can  be  used  for  deriving  expressions  of  the  average 
duration  of  NC  with  intertoU  trunk  operation  without  alternate  routes. 
The  effect  of  alternate  routes  in  reducing  the  duration  of  NC  can  be  shown 
with  suthcient  accuracy  for  practical  needs  from  the  empirical  data.  The 
curves  shown  in  Fig.  5  were  constructed  on  this  basis.  For  large  groups 
the  formula  has  been  extended  in  Fig.  6. 

It  is  advantageous  to  have  available  an  acceptable  mathematical  formula 
for  expressing  the  relationship  between  the  loads  carried  by  the  trunk  groups 
and  the  length  of  time  that  the  average  call  will  be  delayed  because  of  NC 
conditions,  i.e.,  the  part  played  by  trunk  provision  in  the  overall  speed  of 
service.     With  such  a  formula  results  can  be  predicted  for  any  given  set  of 
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assumptions  without  going  through  the  burdensome  process  of  accumulating 
actual  data  in  reliable  volume  and  with  useful  frequency.     The  formula 
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Fig.  5 — Average  circuit  delay  on  all  calls  expressed  in  terms  of  the  holding  time  per  circuit 

attempt. 


also  provides  a  convenient  means  of  checking  the  adequacy  of  the  trunk 
facilities  in  any  unusual  situations  which  may  be  observed  from  time  to  time. 
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Fig.  6 — Average  circuit  delay  on  all  calls  ex[)resscd  in  terms  of  the  holding  time  per  circuit 

attempt. 

Based  on  Pollaczek  formula. 


In  the  case  of  the  alternate  route  effect,  where  a  variable  is  introduced 

which  the  formula  does  not  encompass,  it  may  be  necessary  later  to  recheck 
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this  factor  by  observed  data  should  the  conditions  governing  the  use  of 
alternate  routes  change  substantially  or  should  the  actual  results  at  some 
future  time  on  groups  provided  with  alternates  be  found  to  differ  from  those 
currently  predicted. 

Delays  are  expressed  in  Hgs.  5  and  6  as  a  percentage  of  the  holding  time 
per  average  use  of  the  trunk.  The  holding  time  factors  used  in  intertoll 
trunk  engineering  generally  are  expressed  in  terms  of  the  holding  time 
per  message.  Therefore,  in  order  to  use  the  curve  conveniently  it  is  neces- 
sary to  reduce  the  holding  time  per  message  to  the  holding  time  per  trunk 
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Fig.  7 — Average  circuit  delay  on  all  calls  resulting  from  present  intertoll  trunk  capacity 
schedules  (without  alternate  routes)-^Using  Pollaczek  formula. 

use  or  attempt.     This  can  be  done  with  sufficient  accuracy  for  this  purpose 
by  a  ratio  of  1.5  outward  attempts  per  call  disposed  of. 


Description  of  Engineering  Tables 

Having  determined  the  average  circuit  delay,  as  previously  described,  the 
delays  which  result  from  the  present  Intertoll  Trunk  Capacity  Tables  A, 
A2,  and  B  can  be  determined  by  referring  the  percentages  of  use  on  these 
tables  to  the  cur\'es  in  Figs.  5  and  6.  Figure  7  indicates  that  each  of  these 
existing  tables  results  in  variable  delays  depending  upon  the  size  of  the 
group. 
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The  curves  in  Figs.  5  and  6  can  also  be  used  to  construct  new  capacity 
tables  which  should  produce  a  relatively  uniform  delay  for  any  size  of  group. 
If  we  select  an  average  delay  of  three-tentlis  of  a  holding  time  as  an  example 
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Fig.  8 — Per  cent,  use  with  present  intertoll  trunk  schedules  and  for  constant  delays  based 

on  Pollaczek  formula. 


and  follow  the  .3  line  across  these  curves,  we  see  that  a  two-trunk  group 

can  be  kept  busy  60.8  per  cent,  of  the  time;  a  three-trunk  group  can  be  in  use 

about  71.1  per  cent,  of  the  time;  about  76.7  per  cent,  for  four  trunks,  etc. 

Figure  8  shows  the  per  cent,  usage  for  groups  ot  from  one  to  thirty  trunks 
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which  result  in  average  delays  of  .0375,  .0750,  .15,  .30,  and  .60  of  a  holding 
time.  The  usage  obtained  from  present  capacity  tables  is  also  shown  for 
comparison.  From  this  figure  it  will  be  seen  that  five  new  tables  based  on 
these  average  delays  will  adequately  cover  the  field  encompassed  by  those 
now  in  use.     The  usage  curves  for  these  five  selected  delay  intervals  were 
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0.15 
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Fig.  9 — Per  cent,  use  for  constant  delays  based  on  PoUaczek  formula. 

redrawn  in  Fig.  9,  on  which  the  effect  of  alternate  routes  is  also  showni. 
Capacity  Tables  T-1  to  T-5  (Fig.  10)  were  constructed  from  this  curve, 
Table  T-1  representing  the  shortest  (.0375)  delay  and  Table  T-5  the  longest 
(.60)  delay. 

For  situations  where  it  may  be  necessary  for  service  reasons  to  provide 
trunks  on  a  basis  more  liberal  than  Table  T-1,  the  interlocal  trunk  capacity 
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tables  should  be  used.  These  latter  tables,  constructed  from  the  Poisson 
formula,  express  a  ser\ace  relationship  in  terms  of  the  percentage  of  calls 
encountering  NC  rather  than  the  average  duration  of  NC.  When  trunks 
are  provided  on  a  basis  as  liberal  as  that  implied  by  the  interlocal  tables 
the  frequency  of  NC  is  deemed  to  be  the  more  important  service  consider- 
ation because  the  duration  of  NC  is  so  short  as  to  be  of  lesser  consequence. 

Since  the  Pollaczek  formula  expresses  the  delay  as  a  percentage  of  the 
holding  time  per  circuit  attempt  but  the  intertoU  trunk  engineer  is  accustomed 
to  dealing  with  holding  times  per  message  the  delays  indicated  for  each  of 
Tables  T-1  to  T-5  have  been  expressed  in  the  latter  terms,  using  a  1.5  ratio 
of  attempts  per  message.  This  is  consistent  with  previous  computations. 
With  Table  T-4  and  a  five-minute  message  holding  time,  for  example,  we 
have: 

5-minute  HT  per  message  -^  1.5  =  3.33  minutes  HT  per  attempt 
3.33  minutes  x  .30  delay  =  1.0  minute  delay 
This  one  minute  delay  shown  in  the  heading  of  Table  T-4  is,  therefore, 
actually  the  delay  per  attempt  when  the  holdmg  time  per  message  is  five 
minutes.  The  delay  per  attempt  is  the  important  criterion  because  the 
"speed  of  toll  service"  as  quoted  from  service  observations  is  generally  the 
speed  of  the  first  attempt  and  the  two  are,  therefore,  comparable.^ 

As  the  usage  approaches  100  per  cent,  there  may  be  an  indeterminate 
backed-up  potential  demand  and  the  normal  relationship  between  service 
and  loading  no  longer  holds  true.  From  other  data  assembled  for  this 
purpose,  it  appears  that  about  96-97  per  cent,  represent  the  practical  upper 
limit  of  usage,  beyond  which  trunk  speeds  can  not  be  accurately  predicted. 
For  practical  reasons,  therefore,  group  capacities  have  not  been  computed 
for  percentages  of  use  higher  than  97  even  though,  from  a  theoretical  view- 
point, the  curves  derived  from  the  Pollaczek  formula  would  permit  extending 
the  usage  virtually  to  100  per  cent.  This  would  also  apply  to  Tables  T-1 
and  T-2  if  they  were  extended  above  75  trunks. 

Relation  of  Circuit  Delays  ix  Busy  Hour  to  Total  Day 

Up  to  this  point  the  trunk  speed  of  service  has  been  discussed  in  terms  of 
the  busiest  hour.  However,  the  overall  speed  of  service  is  generally  quoted 
in  terms  of  the  total  day.  Therefore,  one  additional  step  is  necessary, 
namely  to  determine  the  relationshii)  of  the  trunk  speed  in  the  busy  hour  to 
that  of  the  total  day. 

2  There  is  one  exception  to  the  statement  that  the  "speed  of  toll  service"  is  the  speed 
on  the  first  attempt.  That  is  the  case  of  a  l)uilt-ui)  connection  where  an  NC  condition 
is  encountered  at  an  intermediate  office  which  persists  so  long  that  the  first  circuit  is 
released.  When  the  connection  is  established  it  is  at  least  the  second  attempt.  The  full 
time  interval  during  which  the  ticket  is  held  awaiting  completion  is  included  in  the  speed 
quoted  on  that  call.  Similar  intervals  were  also  included  in  the  empirical  data  for  this 
study  and  the  results  arc,  therefore,  comparable  in  this  case  also. 
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To  develop  this  relationship  it  was  necessary  first  to  determine  a  typical 
distribution  of  trafiic  throughout  the  day,  i.e.,  the  ratio  of  the  busy  hour  to 
each  of  the  other  hours.  Actual  delays  experienced  on  a  particular  group 
may  deviate  somewhat  from  those  developed  herein  to  the  extent  that  the 
actual  distribution  varies  from  the  typical  distribution. 

The  probable  total  day  circuit  delays  are  derived  from  Figs.  5  and  6  and 
from  a  typical  distribution  of  traffic  based  on  a  five-day  record  on  each  of  20 
groups  in  Ohio  and  24  groups  in  Illinois. 


Hours 

No.  of  Calls 

%  of  Total  Traffic  in  14-hour  day 
(Used  as  weighting  factor) 

1  (Busy  Hour) 

100 

12.80 

90 

11.53 

90 

11.53 

80 

10.25 

80 

10.25 

75 

9.62 

70 

8.98 

65 

8.35 

55 

7.07 

5 

75 
780 

9.62 

14 

100.0 

10 

20 

24 

800 

It  will  be  noted  that  the  above  distribution  shows  a  busy  hour  which  is 
12.5%  of  the  total  24-hour  day  but  that  the  weighting  factors  are  based  on  a 
total  day  of  14  hours.  This  corresponds  to  the  normal  service  observing 
period  so  that  the  results  will  be  comparable  with  the  overall  total  day  speeds 
obtained  from  service  observations. 

The  total  day  delays  for  Tables  T-1  to  T-5  for  each  size  of  group  were 
computed  as  illustrated  in  the  following  sample  calculation: 


Table  T-5— Five  Trunks 

Hours 

%  of  BH 

%  Use  in  BH 
(Table  T-5) 

%  Use  Each 
Hour 

Circuit  Delay 

(Fig.  6) 

Weight  Factor 

Weighted 
Delay 

It       100        > 

:        87.6     =        87.6 

.60       X  12.80%     = 

=    .0768 

90 

78.8 

.26 

11.53 

.0300 

90 

78.8 

.26 

11.53 

.0300 

80 

70.2 

.13 

10.25 

.0133 

80 

70.2 

.13 

10.25 

.0133 

75 

65.7 

.10 

9.62 

.0096 

70 

61.3 

.07 

8.98 

.0063 

65 

56.9 

.06 

8.35 

.0050 

55 

48.2 

.03 

7.07 

.0021 

5 

None 

9.62 

.0000 

14 

100.00 

.1864 
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The  figure  .1864  deri\-ed  above  represents  the  average  delay  expressed  as  a 
per  cent,  of  the  holding  time  per  circuit  use  (attempt).  The  last  step, 
therefore,  is  to  relate  this  figure  to  the  message  holding  times  contemplated 
in  Table  T-5,  as  follows; 


Holding  Time  Per       Ratio  of  Attempts 
Message  Per  Message 


Holding  Time  Per 
Attempt 


%  of  H.  T.  Delayed 


Average  Delay 


5  min. 

8  min. 

11  min. 


1  50         =         3.33  X       .1864         =  .62  min. 

1.50  =         5.33  X        .1864  =        1.00  min. 

1.50         =         7.33  X       .1864         =        1.37  min. 


The  results  of  similar  calculations  are  summarized  in  Fig.  11. 

As  pointed  out  previously,  actual  delays  experienced  will  deviate  from 
those  shown  in  Fig.  11  to  the  extent  that  the  actual  hourly  distribution 
varies  from  that  which  has  been  used.  If  a  particular  group  has  a  higher 
per  cent  busy  hour  the  total  day  delays  should  be  less  than  indicated. 
Conversely,  if  the  group  has  a  lower  per  cent  busy  hour  the  delays  should  be 
greater.  However,  the  variations  in  distribution  which  are  most  likely  to  be 
encountered  in  practice  will  not  have  any  marked  effect  on  the  total  day 
delays  except  possibly  for  groups  of  about  five  trunks  or  less  which  are  loaded 
as  heavily  as  indicated  in  Tables  T-4  and  T-5. 

Per  Cent.  NC  Encountered 

The  per  cent,  of  calls  delayed  by  NX  as  noted  by  the  operators  on  the 
tickets  analyzed  for  this  study  was  plotted  for  each  level  of  usage  in  steps  of 
10%  as  shown  in  Fig.  12,  using  a  3  point  moving  average.  Each  of  these 
cur\'es  w^as  then  redrawn  in  relation  to  the  others  and  the  combined  results 
are  in  Fig.  13.  The  results  are  very  similar  to  those  obtained  in  the  Cleve- 
land study  of  1929-30,  as  shown  in  the  same  figure. 

It  should  be  noted  that  there  is  a  difference  between  the  per  cent,  calls 
encountering  NC  and  the  per  cent.  NC  existing.  In  the  present  study  no 
data  were  obtained  to  indicate  NC  existing.  However,  the  Cleveland  study 
included  such  data  which  showed  that  the  NC  existing  follows  the  Erlang 
"B"  formula  (Fig.  14)  in  this  respect.  The  individual  points  in  Fig.  14 
were  derived  by  selecting  from  the  Erlang  "B"  table  of  overflows  the  point 
at  which  the  call-seconds  carried  (offered  minus  overflow)  gave  the  desired 
level  of  usage. 

The  difference  between  NC  existing  and  NC  encountered  may  be  due  to 
several  factors,  some  of  which  are  suggested  below: 

1.  Effect  of  alternate  routes. 
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Table  T-1 

Table  T-2         1       Table  T-3               Table  T-4        1       Table  T-5 

Holding  Time — In  Minutes 

5 

8 

11    1 

5      1     8         11    1     5          8     1    11    1     5     1     8     1    11    1    5     1     8         11 

Trunk.  Speed^Busy  Hour — In  Minutes 

No.  of 

.13 

.20 

.28    1 

.25    1    .40 

.55        .5 

.8        1.1   1   1.0   1    1.6 

2.2  1    2.0   1    3.2  1    4.4 

Trunks 

1 

1 

it                      1 

1                        1                      1 

Trunk  Speed— Total  Day— In  Minutes 

1 

.09 

.14 

.20 

.19 

.31 

.43 

.38 

.60 

.83 

.67i 

1.07 

1.47 

1.20 

1.92 

2.64 

2 

.08 

.13 

.18 

.16 

.25 

.34 

.29 

.47 

.65 

.52 

.83 

1.14 

.92 

1.48 

2.03 

3 

.07 

.11 

.16 

.14 

.22 

.30 

.25 

.39 

.54 

.43 

.69 

.95 

.77 

1.24 

1.70 

4 

.06 

.10 

.14 

.12 

.19 

.26 

.22 

.35 

.48 

.39 

.62 

.85 

.68 

1.09 

1.50 

5 

.06 

.09 

.13 

.11 

.18 

.24 

.20 

.32 

.44 

.35 

.56 

.77 

.62 

1.00 

1.37 

6 

.05 

.09 

.12 

.10 

.17 

.23 

.18 

.29 

.40 

.2,2, 

.52 

.72 

.57 

.91 

1.25 

7 

.05 

.08 

.11 

.10 

.15 

.21 

.17 

.28 

.38 

.31 

.49 

.67 
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Fig.  11 — Relation  of  trunks  speeds  in  busy  hour  to  total  day 
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Fig.  12 — Per  cent,  of  calls  delayed  by  NC  as  noted  by  the  operators  (with  alternate  routes 

where  authorized). 
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The  operators  did  not  make  NC  notations  on  the  tickets  in  a  certain 
proportion  of  the  cases  where  NC  was  actually  encountered. 

Because  the  operator  does  not  test  for  an  idle  trunk  with  machine- 
like finality  there  are  probably  many  cases  where  she  does  not  con- 
sider that  an  NC  condition  existed  if  it  was  of  such  short  duration 
that  it  did  not  materially  affect  her  ability  to  secure  a  trunk. 

The  possibility  of  some  "limited  sources"  effect  in  the  case  of  small 
groups.  The  number  of  people  in  Newark  who  have  occasion  to 
call  York,  Pa.  must  be  relatively  small  since  only  one  trunk  is  pro- 
vided. Therefore,  while  the  trunk  is  in  use  on  one  call  there  is  less 
likelihood  that  a  second  call  will  be  originated  than  would  be  the 
case  if  there  were  a  greater  community  of  interest  between  the  two 
places.  Although  the  NC  condition  exists  during  the  period  of  one 
call,  no  NC  is  encountered  unless  there  is  a  second  and  overlapping 
call. 
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Fig.  13— Per  cent,  of  calls  delayed  by  NC  (with  alternate  routes  where  authorized). 


Because  of  the  importance  of  Items  2  and  3  above,  both  of  which  involve 
the  testing  of  trunks  by  operators,  the  empirical  data  should  be  used  as 
representative  of  per  cent.  NC  encountered  with  ringdown  operation 
(operator  testing)  and  the  Erlang  "B"  per  cent.  NC  existing  should  be  used 
as  representative  of  intertoll  diaUng  conditions  (mechanical  testing). 
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Fig.  14 — Per  cent.  NC  existing  and  per  cent,  overflow  at  various  levels  of  usage. 
Based  on  Erlang  "B"   formula. 


It  is  interesting  to  note  that  each  of  the  proposed  Capacity  Tables  T-1  to 
T-5  resuhs  in  a  fairly  uniform  percentage  of  NC  encountered  by  the  operators 
as  determined  from  the  empirical  data  (Fig.  13)  and  also  a  fairly  uniform 
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percentage  of  NC  existing  as  determined  from  the  Erlang  "B"  formula 
(Fig.  14).     Using  Table  T-1  as  an  example,  the  NC  conditions  are  as  follows; 


No.  of  Trunks  Table  T-1 

%NC  Encountered  from 

%  NC  Existing  from 

%  Use 

from  Fig.  9 

Fig.  13 

Fig.  14 

50 

4.6 

6.5 

10.0 

55 

5.5 

6.0 

10.0 

60 

6.7 

6.0 

10.7 

65 

8.4 

6.5 

10.9 

70 

10.7 

7.0 

11.0 

75 

14.1 

7.5 

11.0 

80 

20.0 

7.0 

10.7 

85 

30.0 

10.8 

Similar  comparisons  made  with  the  other  capacity  tables  indicate  similar 
uniformity  in  the  most  frequently  used  portion  of  the  tables,  i.e.,  up  to  20  or 
30  trunks.     The  results  are  as  follows: 


%  NC  Encountered  by  Operators 

%  NC  Existing 

(from  empirical  data) 

(from  Erlang  "B   ) 

Capacity  Table 

With  Alternate  Routes  for 

Without  Alternate 

the  Small  Groups 

Routes 

T-1 

6-7 

10-11 

T-2 

9-11 

18-19 

T-3 

14-18 

27-29 

T-4 

21-26 

39-42 

T-5 

33-35 

55-57 

Conclusion 

Since  the  primary  function  of  an  intertoll  trunk  capacity  table  is  to 
translate  a  desired  speed  of  toll  service  into  the  number  of  trunks  required 
for  that  level  of  service,  the  table  used  should  be  indicative,  within  reason- 
able limits,  of  the  probable  effect  of  trunk  provision  on  the  overall  speed. 
For  this  reason,  tables  which  reflect  a  uniform  service  situation  will  be  more 
useful  in  intertoll  trunk  engineering  and  administration  than  the  present 
tables  which  have  inherent  service  variations.  Capacity  tables  such  as 
Tables  T-1  to  T-5  will  therefore  be  substituted  for  present  Schedules  A,  A2 
and  B. 

The  author  gratefully  acknowledges  the  helpful  cooperation  of  those  in  the 
several  Associated  Companies  who  participated  in  collection  of  the  empirical 
data.  Thanks  are  also  extended  to  A.  S.  Mayo  for  his  guiding  hand;  to 
R.  I.  Wilkinson  and  F.  F.  Shipley  for  their  helpful  comments;  to  K.  W. 
Halbert  and  Miss  C.  A.  Lennon  who  computed  the  necessary  extensions  of 
the  PoUaczek  formula;  and  to  Miss  E.  B.  Schaller  for  her  skill  in  preparing 
the  numerous  curves. 


spark  Gap  Switches  for  Radar 

By  F.  S.  GOUCHER,  J.  R.  HAYNES,  W.  A.  DEPP  and  E.  J.  RYDER 

Introduction 

AN  ESSENTIAL  feature  of  radar  is  the  generation,  by  means  of  an 
•oscillator,  of  high-energy  pulses  of  short  duration,  repeated  many 
times  a  second.  The  energy  for  these  pulses  is  furnished  to  the  oscillator 
from  a  power  supply  in  a  variety  of  ways.  One  of  the  most  widely  used  of 
these  is  the  "line  type  modulator"  in  which  a  pulse-forming  network  made 
up  of  a  series  of  condensers  and  inductances  is  charged  from  the  power  supply 
through  a  choke  and  is  then  discharged  by  a  switch  so  that  a  substantially 
constant  current  will  flow  for  a  predetermined  short  time  through  the  pri- 
mary of  a  pulse  transformer  coupled  to  the  oscillator.  This  switch  is, 
therefore,  an  essential  component  of  this  type  of  modulator. 

To  meet  the  pulsing  requirements  of  radar  as  it  developed  during  the  war, 
this  line  modulator  switch  was  required  to  withstand  thousands  of  volts 
between  pulses  and  to  carry  hundreds  of  amperes  for  the  pulse  duration 
which  was  of  the  order  of  microseconds.  Also,  the  switching  operation  had 
to  be  repeated  from  a  few  hundred  to  a  few  thousand  times  a  second  for  a 
total  operating  time  of  hundreds  of  hours.  Furthermore,  the  dissipation 
of  energy  within  the  switch  had  to  be  very  small  in  comparison  with  the 
energy  delivered  to  the  oscillator  for  efficient  operation. 

The  switch  which  had  the  widest  application  in  this  type  of  modulator 
was  that  employing  an  electric  spark.  Of  over  50,000  radars  of  various  types 
manufactured  by  the  Western  Electric  Co.  during  the  war,  over  half  em- 
ployed the  electric  spark  in  switching.  One  form  of  this  switch  was  a  rotary 
spark  gap,  operating  in  air,  in  which  the  timing  of  breakdown  was  controlled 
mechanically.  These  gaps  were  successfully  adapted  to  a  variety  of  radar 
types  including  airborne  radar.  However  the  demands  for  a  more  compact 
and  lighter  weight  switch  capable  of  operating  at  lower  voltages  for  airborne 
radar  led  to  the  development  of  fixed  sealed  unit  type  gaps  which,  when 
connected  in  series,  can  be  broken  down  electrically  in  a  simple  circuit. 

Many  problems  had  to  be  solved  in  the  development  of  these  switches. 
They  required  a  considerable  amount  of  study,  and  with  the  aid  of  new  tech- 
niques developed  during  the  war,  a  number  of  significant  measurements 
have  been  made  which  have  extended  our  knowledge  of  sparks  generally. 
It  is  the  object  of  this  paper  to  describe  the  results  of  some  of  these  studies, 
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as  well  as  to  describe  the  essential  characteristics  of  a  variety  of  spark  gap 
switches  which  were  used  in  such  numbers  that  they  may  be  considered  as 
an  important  contribution  to  the  war  effort. 

I.  Rotary  Spark  Gap  Switches  For  Low  Voltage  Circuits 

Rotarj'  gaps  were  used  successfully  as  switches  in  some  of  the  earlier  radar 
systems  developed  by  Bell  Telephone  Laboratories.  The  switching  voltages 
in  the  modulator  circuits  were  relatively  high,  being  in  excess  of  20  kilovolts. 
No  trouble  was  encountered  in  switching  at  the  required  pulsing  rates  nor  in 
obtaining  satisfactorily  long  life.  Fortunately  the  sparks  tend  to  move 
about  the  electrode  surfaces  uniformly  and  the  rate  of  erosion  is  such  that 
with  tungsten  or  molybdenum  electrodes  a  uniformly  small  change  in  elec- 
trode dimensions  is  achieved  which  in  no  way  interferes  with  satisfactory 
operation  over  long  periods  of  time. 

A  difficulty  was  encountered,  however,  when  the  switching  voltage  was 
reduced  to  lower  values,  as  required  for  applications  in  which  the  power 
supply  voltages  were  limited.     The  gaps  failed  to  break  down  regularly. 

A  particular  application  in  which  this  difficulty  was  encountered  was  one 
in  which  the  power  supply  was  limited  to  4  kilovolts,  and  in  which  80 
ampere  pulses  of  one  microsecond  duration  were  required  every  600  micro- 
seconds. The  modulator  circuit  used  was  that  shown  schematically  in 
Fig.  1  (a) .  The  pulse-forming  network  includes  the  condenser  elements  which 
are  charged  through  the  choke  and  discharged  by  the  spark  gap  designed  to 
break  down  at  the  required  pulsing  rate  of  1600  per  second.  The  load  is  the 
primary  of  a  pulse  transformer  coupled  to  a  magnetron  and  is  closely  equiv- 
alent to  a  50-ohm  resistance.  The  constants  of  the  circuit  are  such  that 
following  the  discharge  of  the  network  it  is  recharged  sinusoidally  along  the 
soUd  line  of  Fig.  1  (b)  to  a  peak  value  of  approximately  8000  volts  in  600  X 
10~^  seconds,  at  which  point  breakdown  must  again  occur  and  the  operation 
be  repeated.  The  dashed  line  is  the  approximate  path  of  the  charging  vol- 
tage wave  when  breakdown  at  the  peak  fails  to  occur. 

A  rotary  spark  gap  was  designed  to  meet  these  pulsing  conditions.  In 
this  gap  there  are  four  fixed  and  four  moving  electrodes  as  indicated  in 
Fig.  1  (a).  These  electrodes  are  tungsten  rods  3  mm  in  diameter  and  about 
15  mm  in  length  mounted  with  their  axes  parallel  and  so  spaced  that  the 
mo\'ing  electrodes  pass  very  close  to  the  fixed  electrodes  with  an  overlap  of 
about  one-half  their  length.  The  speed  of  the  moving  electrodes  is  such 
that  in  the  region  of  near  approach  the  maximum  gradients  are  those  indi- 
cated in  Fig.  1  (c).  The  solid  curs'e  shows  the  gradients  when  breakdown 
takes  place  at  the  required  time  and  the  dashed  curv^e  the  gradients  when 
breakdown  fails  to  occur.     Although  the  latter  greatly  exceed  the  normal 
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dielectric  strength  of  air,  sparking  failed  to  take  place  a  large  fraction  of 
the  time. 
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Fig.  1 — (a)  Line  modulator  circuit  with  rotary  spark  gap  switch,  (b)  switch  voltage 
vs.  time,  (c)  maximum  voltage  gradient  between  electrodes  vs.  time. 


Experiment  indicated  that  this  was  caused  by  spark  delay  time,  as 
irradiation  of  the  cathodes  by  means  of  an  ultra-violet  lamp  produced  100% 
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breakdown.  This  method  of  reducing  spark  delay  time  was  not  practical, 
however,  and  other  means  were  sought.  A  solution  was  found  through  a 
rediscovery  of  the  efficacy  of  corona  prior  to  breakdown  which  came  about 
through  the  introduction  of  a  properly  placed  sharp  edge  on  the  cathode. 
Although  this  edge  was  apart  from  the  sparking  area  of  the  cathode,  100% 
breakdown   of  the  gaps  was  obtained  and  spark  delay  time  so  reduced 


Fig.  2 — Experimental  model  of  rotary  gap  showing  corona  points. 


that   mechanical   limitations   alone   controlled   the   variation   in   time   of 
breakdown. 

The  essential  features  of  the  gap  as  finally  developed  for  this  project  are 
shown  in  the  photograph  of  an  experimental  model,  Fig.  2,  and  in  the  per- 
spective drawing  and  accompanying  diagram.  Fig.  3.  The  electrodes  are  of 
tungsten  as  in  the  earlier  design,  and  corona  points  are  introduced  by  the 
addition  of  the  rods  holding  sharp  metal  points  mounted  on  the  same  metal 
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Fig.  .S- — Above,  perspective  drawing  of  rotar\-  s»ip  showing  arrangement  o£  corona 
points.  Below,  diagram  showing  voltage  (l),  and  mean  voltage  gradient  (E)  at  various 
times  in  the  spark-over  region. 


base  as  the  ll.xed  electrodes.  The  moving  electrodes  pass  between  the  fixed 
electrodes  and  their  associated  corona  points.  This  arrangement  is  clarified 
in  the  diagram  which  is  a  section  through  a  plane  normal  to  the  electrode 
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axes  and  passing  through  the  region  of  overlap.  The  shaded  areas  are  for 
the  sparking  position  as  indicated  and  the  location  of  the  corona  point  is 
shown  to  scale.  Experiment  shows  that  when  the  moving  electrode  has 
reached  the  position  corresponding  to  400  X  10~^  seconds  after  the  previous 
spark,  corona  is  established  on  the  point.  Thus  the  cathode  is  irradiated  for 
200  X  10~^  seconds  prior  to  breakdown. 

No  serious  erosion  problem  was  encountered  when  these  gaps  were  oper- 
ated for  many  hundreds  of  hours  in  air.  No  deterioration  of  the  points  was 
observed  when  their  locations  were  properly  adjusted  so  as  to  avoid  sparking 
over  to  them.  The  cathode  erosion  rate  is  so  low  that  appreciable  flats  were 
produced  only  after  a  hundred  hours  of  operation.  The  anode  erosion  was 
estimated  to  be  less  than  one-tenth  of  that  of  the  cathode,  and  was  doubtless 
associated  with  a  small  amount  of  reverse  current  shown  to  be  present.  The 
magnitude  of  the  cathode  erosion  rate  for  tungsten  in  air  is  about  twenty- 
five  fold  less  than  that  for  tungsten  in  hydrogen  under  the  same  conditions 
which  indicates  that  oxygen  plays  an  important  and  somewhat  unexpected 
role  in  making  practical  the  operation  of  these  gaps. 

There  was,  however,  a  serious  corrosion  problem  when  these  gaps  were 
adapted  to  airborne  radar  because  of  the  necessity  for  sealing  the  modulator 
unit  in  a  container  capable  of  maintaining  atmospheric  pressure  at  high 
altitudes.  Spark  discharges  in  air  are  attended  by  the  formation  of  both 
ozone  and  oxides  of  nitrogen,  the  latter  combining  with  moisture  to  form 
nitrous  and  nitric  acids.  These  reached  such  concentrations  under  continu- 
ous operation  in  the  container  that  they  were  damaging  to  all  enclosed  equip- 
ment because  of  their  corrosive  action.  A  solution  for  this  was  arrived  at 
after  considerable  study  on  the  part  of  the  Chemical  Department.  This 
consisted  of  the  use  of  a  copper  impregnated  activated  carbon  as  an  absorb- 
ent.    With  this  absorbent  a  life  of  500  hours  was  shown  to  be  possible. 

Over  10,000  rotary  gap  switches  of  this  type  were  manufactured  and  used 
successfully  in  both  ship  and  airborne  radars.  However,  under  the  urge  to 
reduce  the  weight  of  all  possible  components  used  in  airborne  radar  and  even 
to  eliminate  the  necessity  for  pressurizing,  the  development  of  glass-enclosed 
fixed  gaps  as  switches  was  diligently  pursued. 

The  authors  would  like  to  acknowledge  the  cooperation  of  Mr.  N.  I. 
Hall  of  the  Whippany  Laboratories  whose  responsibility  it  was  to  engineer 
and  develop  these  rotary  gap  switches  for  manufacture. 

^  II.  Fixed  Gaps 

Preliminary  experiment  indicated  that  a  series  of  fixed  gaps  could  be  made 
to  operate  satisfactorily  as  a  modulator  switch.  A  study  was  therefore 
made  to  determine  the  most  suitable  gas  atmosphere,  electrode  material  and 
gap  design  for  use  in  sealed  gaps.     This  led  to  the  development  of  a  unit 
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type  gap,  two  or  more  of  which  could  be  operated  in  series.  The  first  unit 
type  gap  had  an  aluminum  cathode  and  a  hydrogen-argon  gas  atmosphere. 
Later,  under  the  urge  for  higher  peak  powers,  mercury  cathode  gaps  were 
developed.  Details  of  this  study  and  development  will  be  discussed  in  this 
section. 

(a)  Triggering  Gaps  in  Series 

An  alternative  to  a  rotary  gap  in  which  the  timing  of  spark  breakdown  is 
controlled  mechanically  was  the  use  of  a  fixed  gap,  the  breakdown  of  which 
is  controlled  electrically.  One  method  of  accomplishing  this  was  to  use  a 
third  electrode  to  which  an  impulse  voltage  was  applied  periodically  at 
double  the  frequency  of  the  resonant  charging  circuit.  This  voltage  breaks 
down  one  gap  with  a  discharge  of  energy  furnished  by  the  trigger  circuit, 
which  in  turn  causes  a  breakdown  of  the  main  gap,  either  through  a  modifi- 
cation of  the  field  in  this  gap  or  through  the  addition  of  ions  which  reduce  its 
breakdown  voltage.  This  type  of  gap,  however,  required  a  strong  air 
blast  to  de-ionize  the  gaps  and,  because  of  this,  its  use  obviously  presented 
no  great  improvement  over  the  rotary  gap.  It  was  well  known  that  the 
rate  of  de-ioni^ation  is  greater  the  smaller  the  gap,  so  an  attempt  was  made  to 
trigger  without  air  blast  a  number  of  smaller  gaps  which  when  connected  in 
series  would  withstand  the  full  switch  voltage  as  employed  in  the  rotary  gap. 
The  arrangement  used  was  that  shown  in  Fig.  4.  Six  tungsten  pins,  3  mm 
in  diameter,  were  mounted  with  their  axes  parallel  and  spaced  to  give  five 
0.5  mm  gaps.  The  switch  voltage  was  divided  by  means  of  equal  high 
resistances  connected  across  the  gaps,  and  a  highly  damped  bi-directional 
trigger  pulse  was  applied  to  the  four  middle  pins  through  capacity  coupling 
as  shown.  Corona  points  were  also  connected  in  such  a  way  that  the  cathode 
of  each  of  the  gaps  is  irradiated  in  order  to  reduce  the  spark  delay  time. 
By  an  appropriate  adjustment  of  the  circuit  elements  it  was  demonstrated 
that  this  series  of  gaps  could  be  broken  down  by  the  trigger  pulse  and  de-ion- 
ized with  sufficient  rapidity  so  that  no  air  blast  was  recjuired. 

Although  no  attempt  will  be  made  here  to  elucidate  the  detailed  steps  in 
the  triggering  of  the  five  gaps  just  described,  we  can  get  a  qualitative  idea 
of  the  process  by  considering  a  simple  two-gap  and  three-gap  circuit  which,  it 
turned  out,  was  all  that  was  required  for  the  various  applications  of  fixed 
gaps  as  they  were  eventually  developed. 

In  the  two-gap  circuit.  Fig.  5  (a),  if  the  first  half  cycle  of  the  trigger  pulse 
and  the  switch  voltage  are  both  positive,  gap  1  will  break  down  when  the 
potential  at  the  mid  point,  due  to  the  sum  of  the  switch  voltage  and  that  of  the 
trigger,  is  equal  to  the  gap  breakdown  voltage,  which  for  the  moment  we 
shall  consider  as  singly  valued.  This  effectively  shorts  gap  1  and  throws  the 
full  switch  voltage  across  gap  2  which  in  turn  will  break  down  provided  this 
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switch  voltage  is  equal  to  or  greater  than  the  breakdown  voltage  of  one  gap. 
The  gaps  will  operate  for  all  switch  voltages  up  to  a  value  equal  to  twice  the 
breakdown  voltage  of  one  gap  when  both  gaps  will  break  down  without  the 
addition  of  trigger.  This,  then,  is  the  maximum  operating  voltage  and  the 
ratio  of  maximum  to  minimum  operating  voltage  is  two  to  one  on  the  basis 
of  this  simple  picture. 
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Fig.  4 — -Line  modulator  circuit  with  fixed  gap  switch  composed  of  five  0.5  mm.  air  gajjs 
triggered  electrical!}'. 


In  the  case  of  the  three-gap  circuit,  Fig.  5  (b),  gaps  1  and  2  may  be  broken 
down  by  the  simultaneous  application  of  a  trigger  pulse  through  capacity 
coupling.  The  circuit  elements  can  be  so  chosen  that  gap  1  first  breaks  down 
leaving  enough  trigger  on  gap  2,  over  and  above  that  furnished  by  the  switch 
voltage,  to  break  it  down.  The  full  switch  voltage  is  then  applied  across 
gap  3  and  it  will  break  down  for  values  of  switch  voltage  in  excess  of  the 
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single  gap  breakdown  voltage.  In  this  case  the  switcii  voltage  may  be 
increased  to  a  value  three  times  that  of  the  breakdown  of  one  gap  before  the 
three  gaps  can  break  down  without  addition  of  trigger.  Thus  the  ratio  of 
maximum  to  minimum  operating  voltage  is  three  to  one.  Ideally  this 
ratio  may  be  increased  by  the  addition  of  more  gaps. 
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Fig.  5 — Line  modulator  circuit  (a)  using  two  fi.xed  gaps  as  switch,  (h)  using  three  fixed 
gaps  as  switch. 


The  operating  characteristics  of  actual  gaps  do  not  conform  exactly  to  this 
simple  picture  as  we  shall  see  later.  This  is  because  the  breakdown  volt- 
age of  a  gap  is  not  singly  valued  but  depends  on  a  variety  of  conditions  such 
as  rate  of  rise  of  applied  voltage,  pulsing  rate,  and  the  energy  of  the  pulse,  as 
well  as  the  type  of  gap  employed.  However,  we  may  regard  it  as  a  qualita- 
tively correct  picture  of  the  operating  characteristics  of  series  gaps. 

A  more  complete  description  of  operating  characteristics  will  be  given  in  a 
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later  section,  but,  in  view  of  the  fact  that  the  gap  itself  plays  an  important 
part  in  these  characteristics,  it  seems  desirable  to  describe  first  the  gap  types 
with  which  we  have  to  deal. 

(b)  The  Hydro  gen- Argon  Aluminum  Cathode  Gap 

Following  the  successful  triggering  of  fixed  gaps  in  air  without  the  use  of 
air  blast  for  their  de-ionization,  experiments  were  undertaken  with  sealed 
gaps  in  various  gas  atmospheres  using  simple  rod  electrodes  having  their 
axes  parallel.  A  large  number  of  gases  were  tested  and  the  conclusion 
reached  that  hydrogen  was  the  most  satisfactory  because  of  its  high  de-ion- 
ization rate.  With  it  fewer  and  wider  gaps  were  required  to  meet  a  given 
pulsing  condition.  Three  4  mm.  gaps  in  hydrogen  at  pressures  somewhat 
less  than  atmospheric  were  approximately  equivalent  to  the  five  0.5  mm.  gaps 
in  air  already  referred  to.  Thus,  from  this  point  of  view,  the  use  of  hydrogen 
would  very  greatly  simplify  the  problem  of  making  practical  gaps. 

The  spark  in  hydrogen,  particularly  with  relatively  small  peak  currents, 
was,  however,  unsatisfactory  in  that  it  terminated  in  a  high-pressure  glow 
with  a  high  cathode  drop  rather  than  the  low  drop  required  for  efficient 
switching.  The  addition  of  about  25%  argon  corrected  this  and  about  this 
proportion  was  used  successfully  in  the  gaps  with  which  we  are  concerned  in 
this  report. 

Although  the  required  operating  conditions  were  met  with  this  gas 
mixture,  cathode  erosion  or  sputtering  was  so  excessive  with  all  readily 
available  cathode  materials  that  this  factor  appeared  as  the  chief  obstacle  in 
the  way  of  making  practical  gaps.  The  sputtered  material  was  deposited  on 
all  surfaces  in  the  form  of  a  fine  powder  which  eventually  destroyed  the 
insulation,  thereby  limiting  the  useful  fife  of  the  gaps  to  a  few  hours. ^ 

A  promising  lead  was,  however,  obtained  in  the  case  of  aluminum  cathodes. 
It  was  observed  that  some  of  the  sputtered  material  deposited  on  the 
anodes  opposite  the  cathodes  from  which  it  was  removed.  This  deposit 
was  reasonably  compact  and  smooth,  which  suggested  the  possibility  of 
reducing  by  gap  design  the  extent  of  harmful  scattering.  This  might  be 
achieved  by  increasing  the  amount  of  sputtered  cathode  material  which  is 
deposited  on  the  anode  or  returned  to  the  cathode  within  the  sparking  area. 

The  tube,  Fig.  6,  was  an  early  attempt  in  this  direction.  This  tube  had 
three  4  mm.  gaps  between  flat  electrodes,  the  cathode  surfaces  having 
raised  portions  to  confine  the  sparking  within  their  areas.     The  gaps  were 

'  At  about  this  time  we  learned  that  the  British  had  developed  sealed  gaps  triggered 
by  means  of  an  auxiliary  electrode  and  known  as  "Trigatrons."  These  were  high  pressure 
gaps  containing  argon  with  a  small  amount  of  ox\-gen  to  reduce  sputtering  of  the  elec- 
trodes. The  life  of  these  gaj)s  was  determined  b}-  the  time  required  to  clean  up  this  ox}'- 
gen.  Though  these  were  tried  it  was  decided  to  follow  an  independent  development 
avoiding  if  possible  all  clean  up  effects. 
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operated  successfully  for  somewhat  over  100  hours  before  enough  scattered 
material  accumulated  to  interfere  with  gap  insulation.  A  uniform  spark 
distribution  was  maintained  throughout  this  time  and  measurement  showed 
that  aluminum  was  removed  quite  uniformly  from  the  raised  portion  of  the 
cathode  to  a  depth  of  only  a  fraction  of  a  millimeter.     An  equally  thick 


Fig.  6 — Three  gap  tube  having  aluminuni  clcclrocks  and  a  li\tlrugcn  argon  atmosphere 
— actual  size. 


though  somewhat  rougher  deposit  was  formed  on  the  Opposing  anode  surface, 
thereby  retaining  the  gap  spacing  very  satisfactorily.  About  30  milligrams 
of  loose  material  were  scattered  throughout  the  tube. 

A  more  drastic  but  also  more  successful  design  change  was  introduced  by 
making  three  separately  enclosed  gaps,  one  of  which  is  shown  in  the  photo- 
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graph  and  radiograph,  Fig.  7.  In  these  gaps  the  sparking  area  of  the 
cathode  was  hemispherical  in  shape,  partly  surrounding  a  spherical  anode. 
These  gaps  were  operating  successfully  at  the  end  of  1000  hours.  The 
scattered  material  was  deposited  on  only  a  portion  of  the  glass  envelope  of 


Fig.  7— Photograph  and  radiograph — actual  size — of  the  first  unit  type  gap  having  a 
re-entrant  aluminum  cathode,  a  spherical  aluminum  anode  and  a  hydrogen-argon  gas 
atmosphere,  after  operating  1000  hours  with  a  40  ampere  pulse  of  one  microsecond  dura- 
tion relocated  1660  times  a  second. 


each  gap,  as  shown  in  the  photograph.  The  extent  of  the  material  removed 
from  the  cathode  and  deposited  on  the  anode,  as  shown  in  the  radiograph, 
was  such  as  to  cause  no  marked  change  in  gap  spacing.  Furthermore,  the 
operating  range  remained  substantially  constant  throughout  the  1000  hours 
of  operation  as  shown  in  Fig.  8.     This  was  an  important  observation  since  it 
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indicated  that  there  is  no  gas  clean-up  effect  associated  with  gap  operation,  a 
fact  that  was  later  proved  by  careful  measurement  of  gas  pressure  before  and 
after  operating  gaps  of  this  type.  A  section  through  the  anode  of  this  gap, 
Fig.  9  (a),  shows  that  the  anode  deposit  is  not  compact  but  assumes  the  form 
of  a  coral-like  structure.  This  low-density  deposit  must,  however,  be 
electrically  equivalent  to  a  compact  surface  as  shown  by  the  constancy  of 
the  operating  characteristics  with  time. 

In  view  of  the  success  of  this  design  it  was  decided  to  develop  gaps^)f  the 
unit  type  having  anodes  well  enclosed  by  the  cathode  surfaces.  An  attemi)t 
to  make  a  more  practical  gap  is  that  shown  in  the  photograph  and  radio- 
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Fig.  8 — Maximum  and  minimum  operating  voltages  as  a  function  of  lime,  for  three 
unit  gaps  of  the  type  shown  in  Fig.  7,  when  operated  in  series. 


graph,  Fig.  10,  both  of  which  were  taken  after  750  hours  operating  time.  In 
this  gap  the  anode  is  an  aluminum  rod  rounded  at  the  end  mounted  con- 
centrically with  the  enclosing  cathode  which  has  a  hemispherical  closed  end. 
The  corona  point  was  added  to  facilitate  starting.  Because  of  the  higher 
anode  gradient  the  sparking  was  confined  to  the  end  region  of  the  tube  as 
indicated  in  the  radiograph,  and  for  this  reason  we  have  designated  this 
design  an  "end  sparking  tube".  A  section  through  the  anode,  Fig.  9  (b), 
shows  a  deposit  which  in  this  case  is  compact  due  to  the  fact  that  the  moving 
spark  is  confined  to  a  smaller  area  than  in  the  previous  tube,  Fig.  7  (a).  It 
is  to  be  noted  also  that  the  scattered  material  is  less  in  extent  than  that 
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obtained  with  the  first  design,  pointing  to  a  more  effective  trapping  of  the 
sputtered  material. 

Weight  loss  measurements  made  under  a  variety  of  pulsing  conditions 
show  that  though  the  rate  of  cathode  erosion  is  somewhat  dependent  on  the 
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Fig.  9 — Photomicrographs  (X50)  of  sections  showing  anode  deposits  for  (a)  unit  gap 
shown  in  Fig.  7,  {h)  unit  gap  shown  in  Fig.  10. 


pulse  duration,  it  depends  to  a  much  greater  extent  on  gap  design.  Erosion 
rate  measurements  in  terms  of  grams  per  coulomb  are  shown  in  Fig.  1 1  for 
the  two  gap  designs  there  indicated  and  for  pulse  durations  varying  from  one 
to  five  microseconds.  It  is  clear  that  the  open  gap  type  of  design  in  which 
the  cathode  is  small  leads  to  a  loss  which  is  at  least  five  fold  greater  than 
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that  of  the  "end  sparking"  type  of  gap.    The  smaller  loss  in  the  case  of  the 
latter  shows  that  much  more  material  returns  to  the  cathode  for  resputtering 


Fig.  10 — Photograph  and  radiograph — actual  size — of  end  sparking  unit  gap,  after 
operating  700  hours  with  a  65-anii)ere  pulse  of  one  microsecond  duration  and  repeated 
1660  times  a  second. 

than  in  the  case  of  the  former  and  supports  the  use  of  the  unit  type  gap  in 
which  this  process  can  be  utilized.     A  cylindrical  cathode  enclosing  a  rod 
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anode  also  behaves  in  this  way  and  its  erosion  rate  differs  but  little  from  the 
"end  sparking"  type  of  tube;  in  fact,  the  practical  gaps  to  be  described  in 
Il-(f)  are  essentially  of  this  type. 

With  these  facts  in  mind  it  would  appear  that  gaps  could  be  designed  to 
meet  a  variety  of  pulsing  conditions  if  the  total  number  of  ampere  hours  for 
a  pre-assigned  life  were  known,  for  the  electrode  areas  could  be  so  adjusted 
that  the  changes  in  gap  spacing  would  be  as  small  as  required.  Analysis  of 
the  gradients  associated  with  the  end  sparking  type  of  gap  shows  that  there 
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Fig.  11 — Cathode  loss,  in  grams  per  coulomb,  as  a  function  of  i)ulse  duration  showing 
effect  of  gap  design. 


can  be  a  considerable  build-up  on  the  anode  before  there  is  much  change  in 
the  maximum  gradient  which  determines  the  spark-over  voltage. 

Experience  with  gaps  designed  for  a  variety  of  pulsing  conditions  showed 
that  substantial  anode  build-ups  could  be  tolerated  without  interfering  with 
operating  conditions,  but  not  as  much  as  theory  would  predict  for  an  unex- 
pected factor  had  a  controUing  influence  on  gap  life.  This  factor  was  the 
failure  of  the  spark  to  keep  moving  under  certain  conditions  with  the  result 
that  spikes  were  grown  on  the  anode  which  introduced  a  rapid  deterioration 
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of  the  operating  range  due  to  an  increase  in  anode  gradient  and  also  in  part 
to  a  decrease  in  gap  spacing. 

Both  the  relatively  large  anode  build-up,  which  may  be  tolerated  without 
interference  with  gap  operation,  and  the  nature  of  spike  growth,  which  lim- 
ited useful  life,  are  illustrated  in  the  radiographs,  Fig.  12.  It  is  to  be  noted 
that  the  spike  is  almost  of  uniform  cross  section  along  its  length  and  radio- 
graphs made  at  various  stages  of  its  formation  show  that  growth  takes  place 


Fig.  12 — Radiographs  showing  two  views  of  the  uniform  deposit  and  subsequent  spike 
growth  on  the  anode  of  an  end  sparking  unit  gap. 


at  its  end.     This  indicates  a  high  concentration  of  negative  ions  in  the  vapor 
prior  to  deposit  on  the  anode. 

Life  test  data  in  which  the  i)ulse  repetition  rale  was  kept  constant  at  200  per 
second  are  shown  in  Fig.  13  for  gaps  having  a  fixed  spacing  but  in  which  the 
peak  current  is  varied  (a),  and  for  gaps  having  a  variety  of  spacings  but  in 
which  the  peak  current  is  kept  constant  (b).  The  life  is  measured  in  terms 
of  hours  to  the  beginning  of  spike  growth.  Both  "end  sparking"  and  "side 
sparking"  tubes  were  employed  in  the  tests.     These  data  clearly  show  that 
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if  lives  longer  than  500  are  to  be  obtained,  there  is  a  limiting  peak  current  of 
about  70  amperes  with  gap  spacings  of  250  mils  or  with  a  peak  current  of  70 
amperes  there  is  a  minimum  spacing  of  250  mils.  Similar  data  were  obtained 
indicating  a  different  critical  spacing  for  other  pulsing  conditions. 

This  factor  of  a  critical  gap  spacing  imposed  an  important  restriction  on 
gap  design  for  it  was  desirable  to  make  gap  spacing  as  small  as  possible  for 
any  given  project.     This  follows  because  of  gap  size  and  weight,  also — as 
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Fig.  13^ — Life  in  hours  measured  to  the  beginning  of  spike  growth  obtained  with  5-micro- 
second  pulses  repeated  200  times  a  second  (a)  for  a  60-mil  gap  and  various  peak  currents, 
(b)  for  a  fixed  peak  current  of  70  amperes  and  various  gap  spacings. 


we  shall  see  in  Il-(e) — because  of  switching  efficiency.    This  led  to  the 
development  of  a  variety  of  unit  gaps  as  described  in  Il-(f). 

(c)     The  Mercury  Cathode  Gap 

Early  in  the  study  of  the  aluminum  cathode  gap  it  was  realized  that  the 
sputtering  difficulty  might  be  largely  if  not  entirely  eliminated  through  the 
use  of  mercur}-  as  a  cathode  and  the  sujjpression  of  reverse  current  to  avoid 
sputtering  of  the  anode.     It  was  sho\ni  that  simple  mercury  pool  cathode 
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gaps  could  switch  peak  powers  in  the  megawatt  range  for  long  periods  of 
time  with  stable  operating  characteristics.  Under  the  urge  for  still  higher 
{)ovvers  than  those  which  were  handled  by  the  aluminum  cathode  gaps, 
experiments  were  undertaken  to  develop  a  mercury  cathode  type  of  gap. 
The  main  difficulty  in  the  way  of  using  mercury  as  a  cathode  is  a  mechani- 
cal one,  as  the  conditions  of  operation  of  spark  gap  switches,  particularly  for 
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Fig.  14 — Schematic  drawing  of  an  iron  sponge  mercury  cathode  unit  gap— actual  size. 

airborne  radar,  demand  that  the  sparking  surface  be  rendered  substantially 
quiescent.  Preliminary  experiments  were  made  with  metal  baffles  as  damp- 
ing agents  and  with  metal  wicks  to  furnish  a  mercury  sparking  surface.  The 
latter  led  to  the  development  of  a  sintered  iron  sponge  saturated  with 
mercury  as  the  best  means  of  obtaining  a  satisfactory  cathode. 

The  constructional  details  of  one  of  the  earliest  tubes  of  this  type  are  given 
in  the  sketch,  Fig.  14.    The  sintered  iron  sponge,  a  cross  section  of  which  is 


582 


BELL  SYSTEM  TECHNICAL  JOURNAL 


shown  in  the  photomicrograph  Fig.  15,  is  about  60%  porous.  It  was  pre- 
pared by  pressing  iron  powder  in  the  Kovar  cup  and  sintering  in  a  hydrogen 
atmosphere.  A  special  heat  treatment  to  remove  oxide  made  it  possible  to 
fill  all  pores  of  the  sponge  with  mercury  and  to  supply  a  mercury  film  on  its 
surface.  Under  sparking  conditions  mercury  from  this  film  is  evaporated 
and  is  condensed  on  the  tube  walls,  eventually  returning  to  the  cathode. 
Due  to  capillary  action  the  film  is  continuously  replenished.  This  film 
protects  the  iron  sponge  from  sputtering  provided  that  there  is  sufficient 


w^^m^^ 


Fig.  15— Photomicrograph  (X15j  of  a  section  through  a  sintered  iron  sponge  showing 
jjorosity. 

cooling  of  the  cathode  to  maintain  the  mercury  film  at  a  temperature  below 
its  boiling  point. 

These  gaps  are  not  temperature  sensitive  as  are  most  electronic  devices 
contaming  mercury.  This  is  because  the  mercury  vapor  plays  no  essential 
role  in  the  spark  discharge,  as  indicated  by  the  fact  that  dissipation  measure- 
ments—discussed in  II- (e)— show  its  dependence  on  the  hydrogen-argon 
rather  than  on  the  nature  of  the  cathode  material.  With  adequate  cathode 
cooling  gaps  of  this  type  operate  satisfactorily  over  a  range  of  ambient  tem- 
perature at  least  from  -50°C  to  over  100°C.     Practical  gaps  constructed 
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with  iron-sponge  mercury  cathodes  were  developed  to  the  manufacturing 
stage,  as  discussed  in  Il-(f). 

In  addition  to  being  capable  of  switching  higher  peak  powers  than  alumi- 
num cathode  gaps,  the  mercury  cathode  gaps  can  be  designed  to  have  supe- 
rior operating  characteristics.  Through  the  use  of  small  radius  anodes  not 
possible  with  the  aluminum  cathode  gaps,  a  wider  operating  range  and  much 
less  time  "jitter"  can  be  attained.  The  small  anodes  build  up  corona  at 
voltages  less  than  those  of  breakdown,  thus  furnishing  radiation  prior  to 
breakdown.  For  special  applications,  gaps  have  been  developed  having  a 
range  approaching  3  to  1  in  a  two-gap  circuit,  capable  of  switching  10  mega- 
watts peak  power,  for  many  hundreds  of  hours,  and  having  a  time  "jitter" 
of  less  than  0.02  microseconds  at  the  operating  voltage. 2-  ^ 

(d)  Starting  and  Operating  Characteristics 

It  has  already  been  stated  in  IT(a)  that  starting  and  operating  charac- 
teristics of  series  gaps  cannot  be  interpreted  simply  because,  under  the 
circuit  conditions  of  rapidly  varying  voltage,  the  breakdown  voltage  of  a 
spark  gap  is  not  singly  valued.  Because  of  spark  formation  time  the 
minimum  voltage  at  which  a  spark  gap  will  break  down  increases  as  the  rate 
of  rise  of  the  voltage  across  it  increases.  Further,  due  to  spark  delay  time, 
the  voltage  across  the  gap  at  breakdown  is  usually  still  higher  than  this 
minimum  value.  It  is  therefore  impossible  to  designate  a  unique 
breakdown  voltage  of  a  spark  gap  when  the  voltage  across  it  is  increasing 
with  time.  It  is,  however,  possible  to  lind  a  practical  minimum  and  maxi- 
mum breakdown  voltage  for  a  particular  rate  of  rise  of  voltage.  The  differ- 
ence between  this  maximum  and  minimum  value  is  a  measure  of  the  maxi- 
mum spark  delay  time.  It  is  for  the  purpose  of  reducing  this  spark  delay 
time  that  corona  points  (or  radium)  are  introduced,  and  it  will  be  shown  that 
the  value  of  both  spark  delay  time  and  spark  formation  time  have  an  im- 
portant bearing  on  the  operational  characteristics  of  fixed  gaps. 

In  addition  to  rate  of  voltage  rise,  the  breakdown  voltage  of  a  spark  gap 
depends  on  the  amount  of  ionization  in  the  gap  due  to  a  previous  spark. 
When  a  spark  discharge  stops,  a  column  of  highly  ionized  gas  is  left  in  the 
gap.  Although  this  column  is  rapidly  de-ionized  by  recombination  and 
diffusion  of  ions,  a  lower  breakdown  voltage  is  found  for  many  micro- 
seconds in  consequence  of  this  residual  ionization.  The  minimum  value 
of  the  breakdown  voltage  of  the  gap  is  therefore  a  function  of  the  time 

2  F.  S.  Goucher,  J.  R.  Haynes  and  E.  J.  Ryder,  High  Power  Series  Gaps  Having  Sin- 
tered Iron  Sponge-Mercury  Cathode,  P.B.  19640,  U.  S.  Department  of  Commerce,  Office 
of  the  Pul)lication  Board. 

3  J.  R.  Dillinger,  Operation  of  Sintered  Iron  Sponge-Mercurv  Cathode  Type  Series 
Gaps  at  S.C.I..  .\.E.W.  and  5  Microsecond  Conditions,  P.B.  13270,  U.  S.  Department  of 
Commerce,  Office  of  the  Puljlication  Board. 
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after  the  spark  ceases  and  is  called  the  re-ignition  voltage  of  the  gap.  It 
will  be  shown  that  this  re-ignition  voltage  determines  to  a  large  extent 
the  starting  voltage  of  the  fixed  gaps. 

Before  describing  the  sequence  of  events  required  for  starting  and  operat- 
ing, it  is  desirable  to  define  our  terms  more  precisely  than  we  have  defined 
them  up  to  this  point.  The  minimum  operating  voltage  is  the  lowest  switch 
voltage  at  which  the  tubes  will  continue  to  break  down  100%  of  the  time 
under  the  action  of  the  trigger  pulse,  and  the  maximum  operating  voltage 
is  that  higher  switch  voltage  at  which  spontaneous  breakdown  of  the  series 
of  gaps  never  occurs.  Thus  the  operating  range  of  voltage  is  that  which 
includes  those  voltages  existing  across  the  series  of  gaps,  at  the  time  of 
application  of  trigger  pulse,  for  which  the  tubes  always  break  down  under 
the  action  of  the  trigger  pulse  but  never  before .  Starting  voltage  is  defined  as 
the  minimum  value  of  d-c  voltage  at  which  a  series  of  gaps  can  be  made  to 
break  dowii  under  the  action  of  the  trigger  pulse.  Starting  thus  differs 
fundamentally  from  operating  in  that  while  operating  demands  that  the 
series  of  gaps  always  breaks  down  under  the  application  of  the  trigger  pulse, 
starting  requires  only  that  the  gaps  break  dowTi  once  in  many  trigger  pulses 
occurring  in  a  fraction  of  a  minute.  Thus,  a  starting  voltage  is  always  lower 
than  the  minimum  operating  voltage.  However,  due  to  the  doubling  of  the 
switch  voltage  when  starting  occurs,  the  d-c  power  supply  voltage  required 
to  start  may  be  higher  than  the  d-c  power  supply  voltage  at  the  minimum. 

The  results  of  a  quantitative  oscillographic  analysis  of  starting  and  oper- 
ating characteristics  of  a  pair  of  preproduction  W.  E.  1B22  tubes^  are  now 
presented  in  detail,  for  they  are  qualitatively  representative  of  all  spark  gaps. 
These  tubes  operate  in  a  two-gap  circuit,  a  schematic  of  which  is  shown  in 
Fig.  5  (a).  The  analysis  is  carried  out  by  an  examination  of  the  voltage- 
time  wave  which  occurs  at  the  point  of  application  of  the  trigger  pulse,  the 
midpoint  of  the  two  gaps.  It  will  help  in  understanding  the  oscillograms^ 
which  follow  if  it  is  borne  in  mind  that  the  voltage  across  gap  1  is  the  voltage 
shown  on  the  oscillogram  with  respect  to  ground  or  "O"  voltage,  while  the 
voltage  across  gap  2  is  the  voltage  shown  on  the  oscillogram  with  respect 
to  the  switch  voltage. 

The  sequence  required  for  starting  is  shown  in  Fig.  16  (a).  Just  before 
the  application  of  the  trigger  pulse  the  voltage  at  the  midpoint  of  the  two 
gaps  is  half  that  of  the  applied  d-c  by  virtue  of  the  resistance  divider.  When 
the  trigger  pulse  is  applied,  the  voltage  rises  to  A  (3.8  kv)  which  is  the  mini- 
mum breakdown  voltage  for  these  tubes  with  voltage  rates  of  rise 
encountered  in  the  trigger  pulse.     Gap  1,  therefore,  may  break  down  at  A 

^  These  tubes  contain  both  corona  points  and  radium  to  reduce  spark  delay  time  (see 

n-(e)). 

'  The  time  scales  of  these  oscOlograms  are  expanded  in  regions  of  very  rapidly  reversing 
voltage  in  order  to  make  clear  the  sequence  of  events. 
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Fig.  16 — Oscillographic  traces  of  voltage  vs.  time  as  measured  at  the  mid-point  of  a 
two-gap  circuit  during  breakdown  of  1B22  tubes,  (a)  for  starting,  (b)  for  operation  at 
minimum  switch  voltage. 
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passing  a  low-energy  spark  supplied  by  the  trigger  circuit.  In  consequence 
of  this,  the  voltage  drops  sharply  to  B  and  then  the  discharge  stops  since  the 
voltage  {v)  remaining  is  insufficient  to  maintain  the  discharge.  This 
voltage,  called  the  extinguishing  voltage,  is  about  0.2  kv  for  these  low  energy 
sparks.  Gap  1  is  now  ionized  and  has  the  independently  measured  re-igni- 
tion voltage  characteristics,  R,  as  shown.  Under  the  action  of  the  trigger 
pulse  the  voltage  then  proceeds  to  C  +  AC  when  gap  2  may  break  down  since 
it  has  the  minimum  required  voltage  across  it  (3.8  kv).  When  this  occurs, 
the  voltage  rises  sharply  to  D,  which  falls  short  of  the  switch  voltage  by  the 
amount  of  the  extinguishing  voltage  {v).  At  this  point  gap  1  may  re-ignite. 
If  this  occurs  both  gaps  are  simultaneously  conducting  and  the  switch  volt- 
age drops  to  L  while  passing  the  high-current  pulse  of  energy  from  the  net- 
work.    This  sequence  occurs  relatively  infrequently. 

Because  of  spark  delay  time,  instead  of  breaking  down  at  A,  gap  1  may 
break  down  at  some  higher  voltage,  or  not  at  all.  Instead  of  gap  2  breaking 
down  at  C  +  AC,  gap  1  may  break  down  in  the  reverse  direction  at  any 
voltage  higher  than  C,  its  re-ignition  voltage,  and  is  only  prevented  from 
doing  so  by  spark  delay  time.  Also,  because  of  this  delay  time,  gap  1  will 
usually  fail  to  re-ignite  at  D,  its  re-ignition  voltage,  and  since  D  is  also  the 
extinguishing  voltage  {v)  for  gap  2,  the  potential  will  drop  toC  under  con- 
trol of  the  trigger  pulse.  If  any  one  of  these  things  occurs  the  gaps  will  not 
start  on  that  particular  application  of  trigger  pulse.  However,  since  the 
pulses  are  applied  at  the  rate  of  many  hundred  a  second,  it  is  usually  only  a 
fraction  of  a  second  until  the  desired  sequence  is  obtained. 

From  the  conditions  essential  for  the  consummation  of  each  of  the  three 
steps  necessary  for  starting,  it  follows  that  the  starting  switch  voltage  Vdc  must 
be  equal  io  A  —  {R  -\-  AC)  orv  -\-  R,  whichever  is  the  greater.  Since  R,  the 
re-ignition  voltage,  increases  with  time,  A  —  (R  +  AC)  decreases  while  v  -\-  R 
increases  with  time.  A  minimum  for  V^c  will,  therefore,  be  obtained  when 
the  period  of  the  trigger  voltage  wave  is  such  that  when  gap  2  breaks  down, 

A  -  {R+  AC)  =  v-\-  R,  (1) 

and  since  also  for  this  minimum 

V,c  =  A-  {R  +  AC)  (2) 


we  get 


r..=  -^-^^  +  °.  (3) 


By  substituting  the  observed  constant  values  of  A ,  AC  and  v  in  (3)  we  get 
Vdc  =1.5  kv,  which  is  the  value  of  switch  voltage  depicted  in  the  diagram. 
This  diagram  is,  therefore,  that  for  optimum  period  of  the  trigger  voltage 
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j.'ig  17— Oscillographic  traces  of  voltage  vs.  time  as  measured  at  the  midpoint  oi  a 
two-gap  circuit  during  breakdown  of  1B22  tubes  (a)  for  normal  operating  switch  voltage 
(b)  for  operation  at  maximum  switch  voltage. 
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wave.  That  this  is  actually  a  minimum  was  demonstrated  experimentally 
by  varying  the  period  of  the  trigger  pulse.  Vdc  increased  for  pulse  periods 
both  greater  than  and  less  than  that  shown  in  the  diagram.  The  increase 
was  small  and  so  is  of  no  great  practical  interest,  but  it  does  confirm  the  pre- 
diction made  on  the  basis  of  the  above  analysis. 

After  the  tubes  have  started  the  switch  voltage  is  nearly  double  the  d-c 
voltage,  and  the  tubes  will  operate  continuously  if  the  switch  voltage  is 
above  the  minimum  operating  voltage.  The  sequence  of  events  near  the 
minimum  operating  voltage  is  shown  in  Fig.  16  (b).  During  operation  the 
spark  delay  time  is  much  less  than  during  starting,  as  indicated  by  a  smaller 
voltage  is  estabhshed. 
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Fig.  18— Maximum  operating  voltage  of  1B22  tubes  in  a  two-gap  circuit  as  affected  by 
pulse  repetition  rate  for  a  variety  of  pulsing  conditions  as  follows: 

Pulse  Duration  Load  in 

Curve  in  Microseconds  Ohms 

1  0.75  55 

2  0.75  30 

3  0.75  15 

4  1.50  30 


Of  course,  no  spark  gap  tubes  are  designed  to  operate  very  close  to  their 
minimum  operating  voltage.  A  margin  of  safety  is  always  maintained. 
The  characteristics  of  these  tubes  with  a  switch  voltage  at  a  practical  operat- 
ing voltage  is  shown  in  Fig.  1 7  (a) .  Gap  1  breaks  down  between  A  and  A-\-  AA 
and  before  gap  1  is  extinguished  gap  2  breaks  down  between  C  and  C  +  AC. 
Since  in  this  case  both  gaps  are  conducting  simultaneously,  the  main  pulse 
passes  without  re-ignition  of  gap  1.  The  voltage  at  the  midpoint  of  the 
two  discharges  rises  to  a  value  between  D  and  D  +  AD,  due  to  the  rapid 
change  of  spark  impedance.  This  sequence  always  takes  place  since  ample 
margin  is  provided. 
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If  the  switch  voltage  has  been  increased  to  a  value  near  the  maximum 
operating  voltage,  the  voltage-time  characteristic  shown  in  Fig.  17  (b) 
results.  Exactly  the  same  sequence  occurs  as  before.  However,  if  the  vol- 
tage be  slightly  increased  above  the  value  shown,  the  gaps  can  break  down 
spontaneously  during  the  network  charging  cycle  and  before  the  application 
of  the  trigger  pulse,  even  though  the  value  of  A  is  some  20%  greater  than  the 
charging  voltage  applied  to  the  gap.  This  is  the  expected  effect  of  spark 
formation  time  on  minimum  breakdown  voltage  since  the  rate  of  rise  of 
trigger  voltage  is  far  higher  than  that  of  the  network  charging  voltage. 
When  spontaneous  breakdow^n  occurs,  because  of  circuit  conditions,  both  the 
rate  of  rise  of  the  voltage  of  the  network  charging  cycle  and  its  peak  value 
are  increased.  Since  the  switch  voltage  arrives  at  a  higher  value  in  a  shorter 
time,  spontaneous  breakdown  is  most  likely  to  occur  again.  The  effect  is 
cumulative  so  that,  after  a  few  increasingly  frequent  cycles,  an  arc  is 
estabUshed.  It  is  clear  that  this  arcing  must  never  be  allowed  to  occur  in 
the  operating  range. 

These  characteristics  were  taken  while  using  a  current  pulse  of  0.75  /xs 
duration  at  a  repetition  rate  of  1000  per  second  and  a  30  ohm  resistance  load. 
This  produced  a  peak  current  at  the  maximum  operating  voltage  closely 
closely  equal  to  the  switch  voltage  divided  by  twice  the  resistance  load,  or 
about  100  amperes.  Under  these  conditions,  due  to  the  relatively  low  pulse 
repetition  rate,  there  is  little  residual  ionization  in  the  gaps  at  the  time  of  the 
next  pulse,  so  that  the  gaps  have  closely  recovered  their  maximum  break- 
down voltage.  However,  as  the  pulse  rate  is  increased,  thus  decreasing  the 
time  between  pulses,  the  value  of  switch  voltage  at  which  the  gaps  break 
down  spontaneously  is  found  to  decrease  due  to  residual  ionization.  Thus 
the  maximum  operating  voltage  is  a  function  of  the  pulse  repetition  rate. 

The  decrease  of  the  maximum  operating  voltage  as  a  function  of  pulse 
rate,  for  these  tubes,  is  shown  in  Fig.  18  for  a  variety  of  pulsing  conditions. 

Cur\'e  2  was  obtained  with  the  0.75  jus  pulse  and  a  30-ohm  load.  It  will 
be  observed  that  the  maximum  operating  voltage  decreases  with  pulse  rate 
in  the  expected  manner. 

If  the  peak  current  of  the  pulse  be  decreased,  fewer  ions  are  produced  in 
the  spark  and  so  at  any  given  time  after  the  pulse  one  w^ould  expect  less 
residual  ionization  in  the  gaps.  Cur\'e  1  was  obtained  by  keeping  the  pulse 
duration  the  same  as  before  but  increasing  the  load  resistance  to  55  ohms. 
Thus  the  current  at  a  given  switch  voltage  was  reduced  to  30/55  of  its  former 
value.  It  will  be  seen  that,  as  predicted,  the  drop  of  maximum  operating 
voltage  with  increased  pulse  repetition  rate  is  less. 

Conversely,  if  the  current  is  increased  the  opposite  effect  is  produced. 
Cun.-e  3  was  obtained  by  decreasing  the  load  resistance  to  15  ohms  while 
keeping  the  pulse  duration  constant.     This  gives  twice  the  peak  current  at 
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the  same  switch  voltage  as  that  of  Cun-e  2  with  a  resultant  increased  residual 
ionization  and  a  decrease  of  maximum  operating  voltage  at  the  higher  pulse 
repetition  rates. 

If,  instead  of  doubling  the  current,  the  pulse  duration  be  doubled,  a 
similar  increase  in  residual  ionization  is  produced.  Curve  4  was  obtained  by 
doubling  the  pulse  duration  (1.5  ^s)  and  using  a  30  ohm  load.  Thus,  while 
the  current  is  the  same  as  Curve  2,  the  current  pulse  has  twice  the  duration. 
It  will  be  observed  that  for  these  pulses,  doubling  the  time  of  pulse  is  the 
equivalent  of  doubling  the  current. 

One  might  expect  that  the  minimum  operating  voltage  would  also  decrease 
as  the  pulse  repetition  rate  is  increased.  ?Iowever,  experimentally  it  is 
found  that,  for  these  tubes,  the  minimum  operating  voltage  is  nearly  con- 
stant and,  therefore,  independent  of  residual  ionization.  This  result  is 
produced  largely  because  the  maximum  breakdown  voltage  of  the  gaps  at 
the  extremely  high  rate  of  voltage-time  change  encountered  in  triggering  at 
the  minimum  is  little  affected  by  this  amount  of  residual  ionization. 

Since  the  minimum  is  nearly  constant  the  operating  range  of  voltage  of 
these  tubes  is  a  decreasing  function  of  the  pulse  repetition  rate,  current,  and 
pulse  duration.  This  is  in  general  true  of  all  fixed  spark  gaps;  however,  the 
amount  of  decrease  of  operating  range  depends  on  the  spark  gap  spacing, 
gas  atmosphere  and  geometry  of  the  electrodes. 

(e)  Dissipation  and  Switching  Efficiency 

In  Il-(d)  we  considered  the  voltage-time  relationships  leading  to  the 
simultaneous  breakdown  of  series  gaps.  In  this  subsection  we  will  consider 
the  voltage  and  current  relationships  with  time  during  this  breakdown,  and 
their  bearing  on  spark  dissipation  and  switching  efficiency. 

In  Fig.  19  (a)  are  shown  a  voltage-time  and  current-time  trace  obtained 
oscillographically  with  a  pair  of  IB 22  gaps.  The  voltage  is  measured  across 
both  gaps  and  corresponds  to  the  dotted  traces  shown  for  switch  voltage  in 
Fig.  17  (a) .  The  current  pulse  is  shown  in  proper  time  relationship  with  the 
voltage  trace.  Similar  traces  are  obtained  for  any  pulse  duration  and  peak 
current.  These,  then,  may  be  considered  as  typical  of  all  pulses  produced 
by  spark  switching  with  these  gaps. 

In  Fig.  19  (b)  is  plotted  the  impedance  of  both  gaps  with  time,  from  which 
we  see  that  the  impedance  of  this  switch  falls  rapidly  in  a  small  fraction  of  a 
microsecond  to  an  average  value  of  only  a  few  ohms  while  the  main  current 
pulse  is  passing.  The  tail  of  the  trace  showing  a  negative  impedance  is  due 
not  to  the  gaps  but  to  inductance  inherent  in  their  leads. 

The  solid  trace,  Fig.  19  (c),  shows  the  product  of  voltage  and  current  in 
kilowatts  plotted  against  time.  The  integrated  area  of  this  plot  corresponds 
to  the  dissipation  per  pulse  of  both  gaps.     This  area  is  independent  of  the 
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Fig.  19— Pulse  characteristics  of  two  1B22  tubes  operated  in  scries. 
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pulse  repetition  rate,  enabling  one  to  determine  the  gap  dissipation  for  any 
project  by  multiplying  the  loss  per  pulse  by  the  repetition  rate. 

This  area  can  be  divided  into  two  parts  as  suggested  by  the  two  shaded 
blocks  I  and  II.  The  first  part  corresponds  to  the  energy  dissipated  initially 
by  the  trigger  and  then  by  the  pulse  forming  network  in  the  brief  transient 
period  when  the  voltage  across  and  the  current  through  the  gaps  are  changing 
rapidly.  The  former  is  comparatively  small  and  usually  can  be  neglected. 
The  latter  attains  a  maximum  value  of  power  when  the  impedance  of  the 
gaps  approximates  that  of  the  load.  The  second  so-called  steady  state  part, 
corresponding  to  block  II,  represents  the  energy  lost  during  the  main  pulse 
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Fig.  20 — Dissipation  per  gap  per  pulse  vs.  pulse  duration  for  1B22  gaps  operated  in 
series  with  a  peak  current  of  70  amperes. 


when  the  impedance  of  the  gaps  is  low  and  comparatively  constant.  Its 
value  will  depend  on  both  the  pulsing  conditions  and  the  gaps  themselves. 
A  calorimetric  study  was  made  of  the  dissipation  of  gaps  as  affected  by 
various  parameters.  This  method  was  superior  to  the  oscillographic 
approach  in  that  it  afforded  greater  accuracy  and  ease  of  measurement.  The 
curve,  Fig.  20,  shows  observations  in  terms  of  joules  per  pulse  per  gap 
obtained  calorimetrically  with  the  1B22  type  tube  as  a  function  of  pulse  dura- 
tion in  microseconds.  The  peak  current  in  all  cases  was  70  amperes  and  the 
trigger  energy  was  included.  It  is  clear  that  for  pulse  durations  greater  than 
0.5  microseconds  the  dissipation  D  in  joules  per  pulse  per  gap  is  given  by 


D  ^  A  -^  Bt 


(1) 
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where  A  is  the  intercept  of  the  extrapolated  solid  straight  line  through  the 
value  of  lA  and  AC.  There  are  reasons  for  believing  that  this  is  due  primar- 
ily to  the  higher  electrode  temperature,  but  is  doubtless  aided  by  residual 
ionization  left  over  by  the  high-energy  sparks  now  passing.  As  a  conse- 
quence the  lirst  gap  always  breaks  down  at  voltages  intermediate  between 
A  and  .4+  AA.  Gap  2  always  breaks  down  at  voltages  between  C  and  C 
-f  AC,  below  the  re-ignition  voltage  of  gap  1,  and  gap  1  always  re-ignites 
at  voltages  between  D  and  D  +  AD  allowing  the  main  pulse  of  current  to 
current  to  pass  at  a  voltage  E.  However,  if  the  switch  voltage  is  decreased, 
C  +  AC  will  occasionally  cross  the  re-ignition  voltage  characteristic  R  of 
gap  1.  Gap  1  can  then  re-ignite  and  thus  the  gaps  will  not  fire  on  the 
application  of  that  trigger  pulse.  A  second  way  in  which  the  gaps  can  miss 
is  by  failure  of  gap  1  to  re-ignite  at  D.  Even  though  either  of  one  of  these 
events  occurs  only  once  in  many  thousands  of  pulses,  a  minimum  operating 
observed  points  and  where  B  is  the  slope  of  this  line.  The  shaded  blocks  I 
and  II  of  Fig.  19  (c)  were  obtained  from  values  of  the  two  terms  A  and  Bt, 
respectively,  showing  graphically  the  agreement  between  the  calorimetric 
and  the  oscillographic  methods. 

As  a  result  of  calorimetric  measurements  on  a  wide  variety  of  gaps  having 
either  aluminum  or  mercury  cathodes  and  operated  under  a  wide  variety  of 
pulsing  conditions,  we  have  been  able  to  establish  an  empirical  formula  for 
the  dissipation  D  in  joules  per  pulse  per  gap  in  terms  of  these  gap  parameters 
and  pulsing  conditions  as  follows: 

D  =  5.7(10)-7/p5  +  [40  +  3.9(10)-2 p  "i^]  Ipt.  (2) 

Here  Ip  is  the  peak  current  in  amperes,  S  the  gap  spacing  in  mils,  p  the  gas 
pressure  of  hydrogen-argon  in  inches  of  mercur}^,  and  /  is  the  duration  in 
seconds  of  an  idealized  square-top  wave  equivalent  in  ampere-seconds  to 
the  actual  current  wave.  This  formula  holds  for  either  aluminum  or  mer- 
cury- cathodes  and  is  independent  of  gap  design.  It  is  moditied  only  slightly 
when  pure  hydrogen  is  substituted  for  the  hydrogen-argon  mixture,  the 
constant  3.9(10)~2  becoming  3.1(10)"-.  It  is  based  on  many  measure- 
ments in  which  the  parameters  covered  the  following  ranges: 

Parameter  Range 

S  40-350  mils 

p  28-50"  Hg. 

t  1-6  X  10"^  seconds 

Ip  45-1070  amperes 

After  calculating  the  value  of  D  from  Equation  (2)  the  dissipation  in  watts 
per  gap  for  any  project  is  obtained  by  multiplying  by  the  pulse  repetition  rate. 
This  equation  does  not  include  the  trigger  energy  dissipated  which  usually 
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can  be  neglected  but  which  can  be  measured  independently  and  added  if  so 
desired. 

It  is  to  be  noted  that  the  first  or  transient  term  of  the  formula  is  unaffected 
by  pulse  duration  and  argon  content  and  depends  at  least  to  a  first  approxi- 
mation on  only  the  peak  current  and  length  of  spark.  The  numerical 
constant  includes  the  time  of  this  transient,  the  average  gradient  during 
this  period,  and  a  factor  to  reduce  the  peak  current  to  an  average  value. 
The  portion  of  the  second  or  steady  state  term  within  the  brackets  represents 
the  average  voltage  across  a  gap  when  it  is  highly  conducting  and  is 
approaching  the  characteristics  of  a  steady  arc.  This  average  voltage  is 
separated  into  two  parts.  The  first  part,  40  volts,  is  the  sum  of  the  cathode 
and  anode  drops  arising  from  space  charges  at  the  electrodes.  The  second 
part  is  the  voltage  drop  along  the  positive  column  which  has  a  pressure 
dependent  uniform  gradient  and  which  is  of  the  order  of  100  volts  per  cm. 
It  is  only  this  gradient  which  is  perceptibly  altered  when  argon  is  added  to 
the  hydrogen. 

From  this  formula  it  is  possible  to  calculate  the  switching  efficiency  for 
any  design  of  gap  and  set  of  pulsing  conditions  within  the  specified  range  of 
parameters  covered  by  the  formula.  Calculation  shows  that  with  three 
gaps  in  series  the  switching  efficiency  in  all  projects  was  at  least -90%,  whereas 
with  two  gaps  in  series  it  was  in  most  cases  as  high  as  96%. 

(f)  Development  of  Fixed  Gaps  for  Manufacture 

The  designs  of  the  fixed  gaps  for  manufacture  were  dictated  by  the  re- 
quirements of  particular  modulators.  Under  the  code  number  of  each  of  the 
gaps  a  brief  description  is  given  of  the  electrical  and  mechanical  require- 
ments which  had  to  be  met. 

W.E.  1B22 

The  1B22  fixed  gap  tube  is  an  aluminum  cathode  type  with  a  hydrogen- 
argon  filling.  An  exterior  and  a  cross-sectional  view  are  shown  in  Fig.  21. 
This  fixed  gap  tube  was  developed  for  the  modulator  of  an  airborne  radar 
known  initially  as  ASH  and  later  an  AN/APS-4.  In  this  modulator  two 
tubes  are  used  in  series  to  switch  a  peak  power  of  about  105  kilowatts  into  a 
W.E.  725A  magnetron.  It  was  desirable  that  the  peak  voltage  in  the  modu- 
lator section  be  kept  fairly  low  so  that  the  circuit  would  perform  satisfac- 
torily at  high  altitude  even  when  the  pressurizing  container  was  damaged. 
Furthermore,  the  equipment  was  to  be  very  compact  and  light  in  weight. 

In  order  to  meet  the  requirements  of  this  radar,  two  tubes  were  used  in 
series  with  a  peak  switching  voltage  of  4  kilovolts.  They  were  required  to 
pass  a  current  pulse  of  67  amperes  for  0.75  microseconds  at  two  repetition 
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rates,  one  of  600,  the  other  of  1000  pulses  per  second.  They  were  also  to 
operate  for  short  periods  at  2.25  microseconds  and  330  pulses  per  second .  The 
main  problems  in  the  design  of  such  a  tube  were  those  of  obtaining  an  ade- 
quate service  life  and  a  sufficiently  low  starting  voltage. 

As  pointed  out  in  Il-(b),  the  life  of  an  aluminum  cathode  gap  of  this  type 
is  critically  dependent  upon  the  anode-cathode  spacing.     For  this  tube  a 


Fig.  21— Western  Electric  1B22  sparic  gap  tube. 

spacing  of  appro.ximately  150  mils  was  selected,  the  gas  pressure  being  20 
inches  of  75%  hydrogen  and  25%  argon.  This  gave  a  life  of  about  500 
hours  for  the  0.75  microsecond  pulse,  and  a  much  shorter  life  for  the  2.25 
microsecond  pulse.  However,  since  the  latter  pulse  duration  is  used  only 
a  small  part  of  the  time,  the  service  life  proved  to  be  adequate.  In  order 
to  obtain  the  maximum  life  from  each  tube,  it  was  necessary  that  the  anode 
and  the  cathode  depart  no  more  than  a  few  mils  from  concentricity.  Other- 
wise the  sparking  would  not  be  uniformly  distributed  radially,  leading  to  a 
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non-uniform  anode  build-up  and  a  shortened  life.  Furthermore,  in  order 
to  prevent  failure  of  the  tube,  due  to  sputtered  material  destroying  the 
insulation  of  the  interior  glass  walls,  the  inside  diameter  of  the  cathode  was 
enlarged  near  the  open  end,  thus  confining  the  sparking  to  the  deeper  por- 
tion of  the  cathode  cylinder. 

As  discussed  in  II- (d)  the  starting  voltage  of  a  pair  of  fixed  gap  tubes  is 
particularly  important.  The  operating  voltage  of  the  tubes  in  this  case  is 
approximately  4  kilovolts  which  is  derived  from  the  resonant  charging  of  the 
pulse  shaping  network  condensers  from  a  high  voltage  supply  of  about  2.2 
kilovolts.  The  open  circuit  voltage  of  this  supply  is  about  2.7  kilovolts. 
This,  then,  is  the  voltage  available  for  starting  the  gaps.  In  order  to  make 
the  gaps  start  at  a  voltage  well  below  this  value,  corona  points  were  intro- 
duced at  the  end  of  the  cathode  opposite  the  end  of  the  anode,  a  small 
quantity  of  radium  was  also  introduced  in  this  region,  and  the  anode  diame- 
ter was  reduced  to  the  lowest  value  consistent  with  long  life.  The  effective- 
ness of  the  corona  points  and  the  radium  was  reduced  by  the  sputtered 
material  during  the  life  of  the  tube,  but  the  irregular  deposition  of  this 
sputtered  material  favored  the  production  of  corona  and  actually  reduced 
the  starting  voltage  to  a  lower  value  than  that  for  a  new  tube. 

The  tube  was  designed  for  fuse  clip  mounting  but  it  was  found  that  the 
acceleration  imparted  to  the  tube  when  it  was  snapped  into  heavy  clips  was 
greater  than  that  encountered  in  flying  service.  Accordingly,  a  special 
mounting  was  devised  so  that  the  tube  would  not  be  broken  when  being 
installed  in  the  radar  set.  By  the  end  of  the  war  these  tubes  had  been 
installed  in  approximately  15,000  radar  equipments. 

W.E.  1B29 

The  1B29  fixed  gap  tube  is  similar  in  constructional  details  to  the  1B22 
except  that  it  is  smaller,  the  gap  spacing  being  only  90  mils.  An  exterior 
and  a  cross-sectional  view  of  the  tube  are  shown  in  Fig.  22. 

The  gaps  were  designed  to  switch  2.8  kilovolts  and  to  pass  a  peak  current 
of  about  27  amperes  for  0.75  microseconds  at  a  repetition  rate  of  2000  pulses 
per  second.  The  main  design  problems  were  those  of  adequate  life  and  sta- 
bility of  tube  drop  during  conduction. 

The  small  size  of  these  gaps  resulted  in  a  life  of  only  300  hours  which  was, 
however,  quite  adequate  for  this  application.  As  pointed  out  in  IT(b)  the 
argon  was  added  to  the  hydrogen  to  ensure  a  uniform  low  impedance  on 
sparking.  The  extremely  small  peak  current  required  an  increase  in  the 
amount  of  argon  to  50%  instead  of  the  usual  25%. 

In  mechanical  construction,  the  1B29  is  essentially  a  scaled-down  1B22. 
Because  of  the  smaller  size  of  the  tube,  no  new  problems  existed  in  making  it 
rugged. 
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Sufficient  tubes  were  manufactured  to  sup{)ly  apj)n)ximately  3000  radar 
equipments. 


Fig.  22 — Western  Electric  1B29  spark  gap  tube. 


W.E.  1B31 

The  1B31  fixed  gap  was  also  an  aluminum  cathode  gap,  with  a  gap  spacing 
of  300  mils  and  24  inches  of  75%  hydrogen  and  25%  argon.  An  exterior 
and  a  cross-sectional  view  are  shown  in  Figure  23.  This  gap  was  developed 
for  an  airborne  radar.  This  modulator  was  required  to  furnish  a  peak  power 
of  230  kilowatts  to  a  W.E.  2J53  magnetron.  The  modulator  was  also  to 
I)rovide  a  range  of  pulse  durations  and  repetition  rates  extending  from  0.25 
microseconds  at  1600  pulses  per  second  to  5.0  microseconds  at  200  pulses 
per  second. 

In  order  to  meet  these  requirements,  two  1B31  tubes  were  used  with  a 
peak  switch  voltage  of  8  kilovolts  and  a  peak  current  of  75  amperes.  By 
using  a  300  mil  spacing,  a  life  greater  than  500  hours  was  obtained  at  200 
pulses  per  second,  5  microseconds  and  75  amperes.  The  other  operating 
conditions  were  less  severe  from  the  life  standpoint. 

The  wide  spacing  used  meant  a  considerable  increase  in  the  size  of  the  cath- 
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ode  over  the  previous  designs.  To  make  this  tube  rugged,  both  electrodes 
were  supported  from  large  diameter  kovar-to-glass  seals.  During  assembly 
the  cathode  end  of  the  tube  was  open  so  that  a  tool  could  be  inserted  to 
hold  the  anode  concentric  with  respect  to  the  cathode,  while  its  supporting 
member  was  sealed  to  the  glass.  A  cup  was  then  brazed  in  to  cover  the  cath- 
ode opening. 


Fig.  23 — Western  Electric  1B31  spark  gap  tube. 


Several  hundred  models  of  this  tube  were  made  in  the  laboratory  and 
performed  satisfactorily  in  the  circuit.  Due  to  circuit  design  changes, 
however,  these  tubes  did  not  go  into  large  scale  manufacture. 

W.E.  1B42 

The  1B42  fixed  gap  tube  departs  considerably  in  design  from  the  1B22 
and  1B29  in  that  mercur}-  instead  of  aluminum  was  used  as  cathode.     Its 
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construction  is  illustrated  in  Fig.  24.  This  tube  was  developed  for  radars 
which  were  for  long  range  search  on  shipboard.  In  these  modulators  three 
tubes  were  used  in  series  to  switch  a  peak  power  of  0.8  megawatts  and  1.4 


Fig.  24 — Western  Electric  1B42  spark  gap  tube. 


megawatts,  respectively,  into  high  power  triode  oscillators.  These  modula- 
tors were  to  be  capable  of  operation  at  either  half  or  full  power.  The  equip- 
ment was  to  be  capable  of  withstanding  the  shock  and  vibration  normally 
encountered  on  shipboard. 

The  series  of  gaps  was  required  to  operate  with  peak  switch  voltages 
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varying  from  10.5  to  17.1  kilo  volts,  and  to  pass  a  maximum  current  of  200 
amperes  for  6  microseconds  at  a  repetition  rate  of  180  pulses  per  second. 
They  were  also  required  to  operate  with  1.5  microsecond  pulses  at  600  pulses 
per  second.  The  main  electrical  design  problems  were  those  of  obtaining 
a  wide  voltage  operating  range  and  an  adequate  life  with  large  peak  currents 
and  long  pulses. 

As  discussed  in  II- (c),  the  use  of  an  iron  sponge  mercury  cathode  with  a 
molybdenum  rod  anode  provided  a  wide  voltage  operating  range  as  well 
as  a  long  life  with  200  ampere,  6  microsecond  pulses.  The  mercury  sponge 
cathode  also  met  the  vibration  and  shock  requirements  of  shipboard  opera- 
tion. 

In  order  to  secure  good  wetting  of  the  sintered  sponge,  which  was  essential 
to  a  long  life,  a  special  construction,  as  shown  in  Fig.  24,  was  used.  The 
sponge  was  sintered  directly  into  the  bottom  of  a  Kovar  cup  which  had  six 
radial  vanes  welded  into  it.  These  served  to  anchor  the  sintered  material 
as  well  as  to  conduct  the  heat  away  from  the  center  of  the  cathode.  After 
the  anode  assembly  and  glass  envelope  were  attached  to  the  upper  Kovar 
flange,  the  two  sub-assemblies  were  welded  together  by  means  of  a  single 
ring  weld.  This  allowed  a  minimum  of  handling  of  the  sintered  material 
and  eliminated  all  glass  work  after  the  sintered  material  was  inside  the  tube. 

The  processing  of  the  tube  consisted  of  first  evacuating  and  then  of  heating 
the  lower  portion  to  800°XI!  while  passing  purified  hydrogen  through  the  tube. 
After  the  sponge  had  partially  cooled,  the  mercury  was  introduced  and  wet- 
ting took  place  instantly. 

Since  the  temperature  of  the  center  of  the  sponge  must  be  kept  below 
the  boiling  point  of  mercury,  in  addition  to  the  internal  vanes  described, 
the  Kovar  cup  was  soldered  into  a  block  of  copper  to  which  was  attached  a 
folded  copper  radiator. 

Several  hundred  models  of  the  tube  were  made  in  the  laboratory  and 
delivered  to  the  Navy  and  to  equipment  manufacturers.  Full  manufacturing 
information  was  turned  over  to  the  Nav}^  which  in  tuni  issued  a  contract  for 
the  procurement  of  several  thousand  tubes. 

Ratings 

The  ratings  of  the  four  different  models  of  spark  gap  tubes  developed  by 
the  Laboratories  are  summarized  in  Table  1.  In  order  to  permit  the  use  of 
these  gaps  under  a  wide  variety  of  operating  conditions,  yet  prevent  the 
simultaneous  application  of  the  maximum  values  of  peak  current,  pulse 
duration,  and  repetition  rate,  a  special  system  of  rating  was  evolved.  In 
addition  to  placing  a  maximum  value  on  each  of  these  three  quantities  a 
maximum  value  was  also  placed  on  the  product  of  any  two  of  these  quan- 
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titles.  For  instance,  one  of  these  products  would  prevent  the  use  of  very 
high  peak  currents  along  with  very  long  pulses,  a  combination  which  would 
give  a  very  short  life,  especially  with  aluminum  cathode  gaps.  Or  another 
product  would  prevent  the  use  of  the  tube  at  both  high  peak  currents  and 
high  repetition  rates,  a  condition  which  would  not  allow  adequate  de- 
ionization  between  pulses.  The  later  types  of  gaps  were  rated  in  this  man- 
ner. 

(g)  Evaluation  of  the  Fixed  Gap  as  a  Modulator  Sivitch 

In  order  to  compare  the  performance  of  fixed  gaps  in  radar  modulators 
w^ith  that  of  other  switching  devices,  as  well  as  to  assess  their  future  pos- 
sibilities, we  may  consider  them  with  respect  to  the  following  points. 


Table  I 
Ratings  of  W.  E.  Fixed  Spark  Gap  Tubes 


Tube 
Type 

Repetition 
Rate— pps 

Peak 
Cur- 
rent 

a 
Max. 

30 

75 

300 

300 

Pulse 
Dura- 
tion 

Max. 

Micro- 
Cou- 
lombs 

per 
Pulse 
Max. 

Operating 

Voltage 

Range— 2 

gap  Ckt.  kv 

Operating 

Voltage 

Range — 3 

gap  Ckt.  kv 

Peak 
Trigger 
Voltage 

3  gap 
Ckt.  kv 

Nom- 
inal 

Peak 
Trigger 
Voltage 
3  gap 
Ckt.  kv 
Nom- 
inal 

Voltage 
Required  for 
Starting  kV 

Min. 

Max. 

Min. 

2.6 
3.8 
7.3 
9.0 

Max. 

Min. 

Max. 

2  gap 
Ckt. 
Min. 

3  gap 
Ckt. 
Min. 

1B29 
1B22 
1B31 
1B42 

500 
300 
200 
160 

2100 
1100 
1600 
1500 

0.75 

0.75 

5.0 

6.1 

375 
1280 

3.0 

5.4 

9.2 

11.4 

10.5 

17.1 

3.0 

5.0 

8.0 

10.0 

15.0 

1.9 
2.5 
6.1 
6.5 

8.5 

(More  complete  information  on  the  above  tubes  is  contained  in  the  JAN  Specifications 
for  individual  tubes.) 

1)  Peak  current— The  present  coded  tubes  cover  a  range  of  currents 
from  20  amperes  to  300  amperes.  E.xperimental  tubes  have  been 
tested  up  to  1000  amperes,  and  indications  are  that  even  larger  cur- 
rents are  possible. 

2)  Switch  voltage — The  present  tubes  cover  a  range  from  2.6  to  17.1 
kilovolts.     Experimental  tubes  have  been  tested  up  to  30  kilovolts. 

3)  Peak  power  output— W\\h  the  limits  of  peak  currents  and  voltages  on 
the  present  tubes,  power  outputs  of  25  kilowatts  to  2,2  megawatts 
are  possible.  Experimental  tubes  were  made  which  were  capable  of 
furnishing  15  megawatts.     Much  larger  power  outputs  seem  possible. 

4)  Pulse  duration — The  maximum  range  of  pulse  durations  covered  by 
any  of  the  present  tubes  is  from  0.25  to  6  microseconds.  For  pulses 
shorter  than  0.25  microseconds  the  elficiency  of  these  tubes  would 
decrease  rapidly.  Pulse  durations  much  greater  than  6  microseconds, 
however,  could  probably  be  used  if  proper  attention  is  given  to  cooling. 
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5)  Ptdse  repetition  rate — A  range  of  160  to  2100  pulses  per  second  has 
been  covered  by  coded  tubes.  Experimental  tubes  with  very  short 
gaps  have  been  tested  up  to  10,000  pulses  per  second.  However, 
the  design  of  tubes  for  practical  operation  in  this  region  would  entail 
considerable  effort. 

6)  Operating  voltage  range — ^Although  a  given  set  of  tubes  may  exhibit  a 
wide  range  of  operating  voltage  on  a  laboratory  test,  the  rated  range 
must  be  considerably  less  because  of  manufacturing  variations  and 
changes  during  life.  However,  since  most  radar  modulators  operate 
at  a  fixed  power  level,  this  limitation  is  not  a  serious  one. 

7)  Trigger  requirements — The  spark  gap  tubes  require  a  high-voltage 
low-current  trigger  supply.  While  this  is  more  difficult  to  obtain 
than  the  low- voltage  supplies  required  by  some  other  modulators,  it 
caused  no  real  difficulty  in  practice. 

3)  Time  jitter — Although  the  time  jitter  of  coded  tubes  is  of  the  order  of 
one  microsecond,  experimental  tubes  have  been  made  which  have, 
at  the  operating  voltage,  a  jitter  of  the  order  of  one  hundredth  of  a 
microsecond. 

9)  Efficiency — The  switching  efficiency  for  all  of  the  past  applications  of 
fixed  gaps  has  been  in  the  range  of  90  to  96  percent,  which  makes  the 
fixed  gap  one  of  the  most  efficient  switching  devices  for  radar. 

10)  Simplicity  of  manufacture — Since  the  unit  type  of  fixed  gap  has  only 
two  elements  of  simple  geometry,  its  manufacture  is  relatively  easy. 

11)  Dependability — The  dependabihty  of  the  fixed  gap  has  been  demon- 
strated by  its  satisfactory  performance  in  its  extensive  application. 
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Coil  Pulsers  for  Radar 

By  E.  PETERSON 

RADAR  systems  in  current  use  radiate  short  bursts  of  energy  developed 
by  pulsing  a  high-frequency  generator,  usually  a  magnetron.  One 
means  of  developing  the  requisite  impulses  employs  a  non-linear  coil  and 
is  termed  a  coil  pulser.  Such  pulsers  are  found  in  substantial  numbers 
among  the  Navy's  complement  of  precision  radars.  Most  fire  control 
radars  on  surface  vessels  are  equipped  with  them,  and  all  modern  radar 
installations  on  submarines  are  so  equipped  for  search  and  for  torpedo 
control. 

History  of  Development 

Coil  pulsers  had  their  origin  in  the  magnetic  harmonic  generators  first 
built  for  the  telephone  plant.  Multi-channel  carrier  telephone  systems  in 
general  use  throughout  the  Bell  System  require  numbers  of  carriers,  harmoni- 
cally related  in  frequency.  These  are  derived  from  non-linear  coil  circuits^ 
which  convert  energy  supplied  by  a  sine  wave  input  into  regularly  spaced, 
sharply  peaked  pulses. 

When  development  was  started  on  precision  radars,  one  of  these  circuits 
generating  a  power  peak  of  a  few  hundred  watts,  several  microseconds  in 
duration,  was  adapted  to  the  purpose.^  Its  output  was  shaped  and  ampli- 
fied by  vacuum  tubes  of  sufficient  power  to  key  or  modulate  the  ultra-high- 
frequency  generator  of  the  radar  transmitter.  All  early  fire-control  radars 
were  made  up  in  this  way;  hundreds  are  still  in  use. 

The  next  development  of  pulsers  for  fire-control  radars  was  directed  toward 
higher-powered  pulses,  shorter  in  duration  for  good  range  resolution.  These 
had  to  be  provided  by  a  small  package  pulser,  small  enough  and  rugged 
enough  to  mount  integrally  with  the  magnetron  and  the  antenna.  The  power 
rectifier  was  to  be  located  at  any  convenient  distance,  and  the  rectified  voltage 
had  to  be  low  enough  to  permit  the  use  of  standard  low-voltage  cables. 
These  requirements  put  high  vacuum  tubes  at  a  disadvantage  in  handling 
tlie  finally  developed  pulses.  Pulse  transformers  had  not  attained  their 
present  state  of  perfection  in  dealing  with  short  pulses  at  this  early  stage 
and  the  pulser  therefore  had  to  work  the  magnetron  directly. 

1  Magnetic  Generation  of  a  Group  of  Harmonics,  by  Peterson,  Manley  and  Wrathall, 
B.S.T.J.,  vol.  XVI,  p.  437,  1937. 

2  Fire-Control  Radars,  by  Tinus  and  Higgins,  B.S.T.J.,  January,  1946. 
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One  arrangement  developed  by  W.  Shockley  to  meet  these  requirements 
used  a  thyratron  as  a  switch  to  generate  pulses.  High  vacuum  tubes  were 
used  at  low  voltages  for  comparatively  long-time  intervals  in  the  driving 
circuit.  Deficiencies  of  the  thyratrons  available  at  that  time  prevented  the 
generation  of  pulse  powers  as  high  as  required.  With  the  earlier  experience 
on  low-level  coil  pulsers  in  mind,  it  was  natural  to  think  of  using  a  non-linear 
coil  for  switching  pulses  at  high  level,  in  place  of  the  thyratron.  Much 
development  was  required  to  arrive  at  suitable  circuits  embodying  the  basic 
ideas,  to  build  non-linear  coils  capable  of  withstanding  high  voltages,  to 
proportion  the  circuit  elements  for  efficient  operation  at  specified  powers 
and  pulse  durations,  and  to  shape  the  output  pulse  to  the  desired  flat-topped 
form. 

This  development  resulted  in  a  power  pulser  mounted  in  an  oil-filled  steel 
box,  with  associated  high  vacuum  tubes  of  the  sturdiest  sort  mounted 
externally,  operated  from  a  1200  volt  d-c.  supply.  It  was  suitable  for  installa- 
tion integral  with  the  antenna,  and  rugged  enough  to  withstand  gun  blast  and 
shock.  Life  of  the  pulser  box  components  is  long,  and  performance  stable 
with  time  and  temperature.  The  time  of  pulse  emission  is  linked  precisely 
to  the  input  wave,  practically  independent  of  voltage  and  frequency  vari- 
ations over  a  suitable  range.  Such  precision  timing,  or  freedom  from  jitter, 
permits  starting  the  indicator  equipment  in  advance  of  the  pulse  emission 
time  so  that  target  ranges  may  be  accurately  measured.  The  power 
rectifier  voltage  is  much  lower  than  that  of  the  pulse  applied  to  the  mag- 
netron, and  the  pulser  works  Jirectty  into  the  magnetron  without  requir- 
ing an  intermediary  pulse  transformer. 

Subsequent  developments  left  unchanged  the  general  form  of  the  circuit 
and  its  mounting,  but  were  devoted  to  achieving  various  pulse  widths, 
powers,  and  pulsing  rates  to  suit  different  applications.  Pulse  widths 
covered  a  range  from  two-tenths  to  over  one  microsecond,  peak  powers 
ranged  from  100  to  1000  kw,  and  pulsing  rates  ranged  from  400  to  3600 
pulses  per  second. 

Non-Linear  Con,  Structures 

An  idea  of  the  general  form  and  makeup  of  non-linear  coils  used  in  various 
radar  developments  can  be  had  from  the  photograph  of  Fig.  1.  All  cores 
shown  there  are  made  of  molybdenum  permalloy  tape,  one  mil  thick.  Insu- 
lation is  electroplated  on  the  tape  in  a  silicic  acid  bath,  and  the  tape  is  wound 
in  ring  form.  After  the  standard  magnetic  anneal  of  1000°C  in  hydrogen, 
the  coating  of  insulation  a  fraction  of  a  mil  thick  adheres  firmly  to  the  tape. 

The  smallest  coil  shown  in  Fig.  1  seen  just  in  front  of  the  oil  filled 
container  in  which  it  is  mounted  is  used  for  low-power  pulse  generation. 
Its  core  weighing  7  grams  is  wound  on  an  isolantite  form. 
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The  two  larger  coils  shown  are  used  in  jxiwer  pulsers.  Their  cores  are 
made  up  of  self-supporting  rings.  'J1ic  smaller  coil  has  a  core  weight  of  one 
kilogram  and  is  used  at  voltages  up  to  25  kv.  for  the  generation  of  power 
peaks  of  the  order  of  100-250  kw.  Phenol  fibre  is  used  to  support  and 
position  the  core  and  winding.  The  larger  core  has  a  weight  of  13  kg.  and 
is  used  at  a  voltage  of  40  kv.  in  a  pulser  generating  power  peaks, of  one 
megawatt.     Glass-bonded  mica  and  built-up  mica  are  used  for  support  and 


Fig.  1 — Non-linear  ceils  used  in  various  radar  transmitters.  The  smallest  coil  at  the 
left,  seen  in  front  of  its  container,  is  used  for  low  power  pulse  generation.  The  two  larger 
coils  are  used  in  power  pulsers  developing  200  KW  and  1000  KW  peaks,  respectively. 
The  core  rings  of  molybdenum  permalloy  tape  are  assembled  into  the  coils  shown. 

positioning  of  the  core  rings  and  windings.     The  coils  are  assembled  with 
other  passive  elements  of  the  pulser  network  and  the  whole  immersed  in  oil. 
Operating  principles  of  the  two  types  of  pulser  circuits  in  which    these 
coils  are  used  are  now  to  be  discussed. 


T.ow-Lkvki.  Pui.ser 

A  schematic  of  the  circuit  used  for  (level()i)ing  low-power  i)ulses  is  shown 
in  Fig.  2a.  Sinusoidal  driving  current  (/i)  is  introduced  from  the  left,  and  a 
sharply  peaked  wave  (/2)  is  dcveloi)ed  in  the  right-hand  mesh.  A  resonant 
circuit  (/-iCi)  sers'es  to  i)revcnt  dissipation  of  the  generated  pulse  in  the 
input  mesh,  and  to  tune  out  the  input  reactance  at  the  driving  frequency. 
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Capacitance  and  resistance  elements  (C2R2)  in  conjunction  with  the  non- 
linear coil  {L2)  make  up  the  output  mesh. 

A  complete  cycle  of  the  input  wave  is  depicted  in  Fig.  2c,  placed  to  corre- 
spond with  the  B-H  loop  of  the  non-linear  core  shown  above  it  in  Fig.  2b. 


Fig.  2 — Low-level  coil  pulser. 

(a)  Circuit  diagram  showing  input  tuning  CiLi,  non-linear  coil  is,  output  condenser 
C2,  and  load  resistor  R^. 

(b)  B-H  loop  of  non-linear  coil,  with  letters  marking  transitions  between  permeable 
and  saturable  regions. 

(c)  Sinusoidal  input  current  wave  scaled  and  placed  to  correspond  with  the  horizontal 
scale  of  Fig.  2b. 

(d)  Pulsed  output  wave,  {2  as  ordinate;  ii  as  abscissa. 


Action  of  the  circuit  is  now  to  be  followed  throughout  a  cycle,  starting  with 
the  input  wave  at  its  maximum  negative  excursion,  condenser  d  uncharged, 
and  the  core  in  its  lower  saturation  region.  Here  the  slope  of  the  B-H 
loop  and  the  corresponding  dififerential  permeability  and  inductance  are 
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small.  Hence  the  voltage  drop  across  the  coil  is  small.  Little  current 
Hows  in  the  output  mesh,  and  practically  all  the  input  current  flows  through 
the  coil.  Matters  are  much  different  during  the  next  interval  in  which  the 
increase  of  current  in  L2  brings  the  core  into  the  permeable  region  a-b.  Here 
the  differential  permeability  is  large  so  that  part  of  the  input  current  is 
diverted  to  the  output  mesh,  charging  the  output  condenser  until  upper 
saturation  is  reached  at  b.  There  the  coil  inductance  falls  to  a  low  value, 
switching  most  of  the  condenser  voltage  across  the  load  resistance.  A 
current  pulse  accordingly  develops  in  the  output  mesh  lasting  until  the 
condenser  charge  is  exhausted.  The  form  .of  the  current  pulse  shown  in 
Fig.  2d  approaches  that  of  a  highly  damped  sinusoid,  and  the  pulse  duration 
and  magnitude  are  functions  of  the  three  elements  of  the  discharge  mesh. 
During  the  next  half-period  of  the  input  wave,  the  same  situation  develops 
as  in  the  first  half-period,  except  that  the  corresponding  currents  and  voltages 
throughout  are  reversed  in  sign. 

According  to  this  description  the  non-linear  coil  acts  like  a  switch  which 
automatically  shifts  the  inductance  from  relatively  high  to  relatively  low 
values  at  specific  coil  currents.  When  the  core  is  driven  well  into  saturation, 
as  is  the  case  here,  the  ratio  of  these  two  inductances  can  be  made  large, 
usually  in  the  neighborhood  of  several  thousand.  One  feature  of  its  action 
important  from  the  elBciency  standpoint  is  that  the  pulse  occurs  for  the 
most  part  in  the  saturation  region,  where  the  contribution  to  eddy  loss  is 
small.  The  principal  core  loss  occurs  in  the  permeable  region  while  the 
output  condenser  is  charging,  when  variation  of  current  through  the  coil 
occurs  at  a  relatively  slow  rate. 

In  low-level  radar  applications  the  pulser  output  feeds  a  vacuum  tube 
amplifier  biased  so  that  pulses  of  just  one  polarity  are  passed,  the  other 
oppositely  poled  pulse  being  cut  off. 

Since  the  range  sweep  of  the  radar  receiver  is  initiated  prior  to  pulse  emis- 
sion, the  pulse  should  occur  at  a  time  linked  precisely  to  the  input  wave. 
Otherwise  the  received  pulse  would  be  blurred  introducing  an  uncertainty 
in  measuring  target  range.  No  blurring  (jitter)  is  visible  with  normal  coil 
pulser  operation.  To  get  a  measure  of  any  variations  which  might  be 
associated  with  core  magnetization,  tests  were  performed  on  a  communication 
circuit  in  which  jitter  occurring  at  an  audio  rate  would  show  up  as  noise. 
Measurements  with  a  sensitive  noise  meter  indicate  the  corresponding  varia- 
tion of  ])ulse  emission  time  to  be  smaller  than  10~^  second. 

Power  Pulser 
Operating  Principles 

The  power  pulser  has  the  same  type  of  discharge  circuit  as  the  low-level 
pulser  just  discussed.     It  differs  in  using  a  d-c.  rather  than  an  a-c.  power 
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Fig.  3- — Power  pulser. 

(a)  Simplified  circuit  diagram  showing  charging  tube  at  left,  bias  supply  Eo,  plate 
power  supply  Eb,  linear  coil  Li,  non-linear  coil  L2,  output  condenser  C2,  and  load  resistor  R2. 

(b)  Rectangular  wave  of  grid  voltage  impressed  upon  the  tetrode  of  Fig.  3a.  The  tube 
conducts  during  the  time  t  in  each  cycle,  and  is  cut  off  outside  that  interval. 

(c)  Plate  current  wave  (h)  corresponding  to  time  scale  of  (b).  During  interval  /, 
current  is  drawn  through  the  paralleled  inductors  and  the  charging  tube.  At  the  end  of 
this  interval  the  tul)e  is  cut  off  and  remains  so  until  the  start  of  the  next  cycle.  During 
II,  the  magnetically  stored  energy  is  transferred  to  the  condenser  through  K2-  At  the 
same  time  the  non-linear  coil  is  brought  toward  saturation.  During  III  saturation  is 
reached;  energy  stored  in  C2  is  transferred  to  the  load  resistor  through  L2  in  a  short  pulse. 

(d)  B-H  loop  of  non-linear  coil  used  in  the  circuit  of  (a).  Letters  mark  the  most 
important  transitions.  During  interval  I  magnetization  proceeds  from  the  lower  left 
through  a  up  to  h;  during  II  magnetization  decreases  past  c  down  to  d,  and  during  III 
it  extends  far  Ijeyond  the  limits  of  the  Figure  to  the  left,  returning  to  the  neighborhood 
of  d  upon  completion  of  the  output  pulse. 

(e)  Plot  of  current  in  linear  coil  during  charging  interval  I  against  the  product  of  coil 
voltage  and  time.  Enclosed  area  represents  energy  stored  in  the  linear  coil.  The  rec- 
tangular area  under  the  dashed  line  drawn  through  ?o  represents  that  part  of  the  stored 
energy  which  varies  with  bias  current. 

608 


COIL  PULSERS  FOR  RADAR  609 

source,  and  in  charging  the  load  condenser  by  a  free,  rather  than  by  a  forced 
oscillation.  Energy  for  the  free  oscillation  is  taken  from  the  d-c.  source  in 
a  preliminary  operation,  in  which  energy  is  stored  in  a  linear  inductor. 
This  preliminary  operation  consists  in  closing  a  d-c.  path  from  the  plate 
power  supi)ly  through  the  linear  inductor  by  means  of  a  high  vacuum  tube, 
permitting  current  to  build  up  with  time.  After  a  predetermined  time  has 
elapsed,  the  tube  circuit  is  opened,  the  d-c.  |>ath  is  thereby  interrupted,  and 
energy  stored  in  the  inductor  transfers  to  the  load  condenser.  In  this  way 
the  voltage  to  which  the  load  condenser  is  charged  can  be  made  many  times 
greater  than  the  voltage  of  the  plate  power  supply.  The  simplified  circuit 
of  Fig.  3(a)  will  serve  to  bring  out  salient  operating  features.  Conduction 
of  the  tetrode  at  the  left  is  controlled  by  a  rectangular  wave  of  grid  voltage 
(Fig.  3b)  developed  by  a  multivibrator  (not  shown)  which  swings  the  grid 
from  a  potential  below  cutoff  to  one  just  above  cathode  potential.  The 
plate  power  source  Eb  feeds  two  inductors  in  parallel,  Li  being  linear,  and  L2 
non-linear.  A  small  biasing  voltage  £0  drives  polarizing  current  /o  through 
the  two  inductors  in  series. 

The  preliminary  operation  which  serves  to  transfer  energy  from  the  main 
power  source  to  the  inductors  is  initiated  when  the  tetrode  grid  is  driven 
positive.  Current  from  the  main  source  builds  up  through  the  paralleled 
inductors  and  the  tetrode  as  indicated  on  Fig.  3c,  inter\'al  /.  The  region  in' 
which  the  non-linear  coil  works  may  be  seen  from  the  hysteresis  loop  of 
Fig.  3d.  Its  operating  point  is  displaced  to  the  left  of  the  origin  near  d  by  the 
bias  current.  When  the  tetrode  conducts,  current  in  the  non-linear  coil 
rises  rapidly  at  first  in  the  lower  saturation  region  until  a  is  reached.  The 
rise  thereafter  is  comparatively  small  and  slow  in  traversing  the  permeable 
region  a-b,  while  at  the  same  time  current  builds  up  in  the  linear  coil  at  a  much 
greater  and  practically  uniform  rate.  When  the  core  of  Lo  reaches  saturation 
near  b  its  inductance  again  drops,  preventing  further  rise  of  current  in  Li . 
At  this  time  the  tetrode  is  driven  below  cutofT  and  remains  out  of  the  picture 
until  the  start  of  the  next  cycle. 

The  second  interval,  in  which  energy  is  transferred  from  the  linear  inductor 
to  the  load  condenser,  starts  with  the  cutolT  of  tetrode  current.  This  trans- 
fer is  effected  in  an  oscillation  with  frequency  determined  mainly  by  the 
paralleled  inductors  and  the  load  condenser.  In  this  interval  II  of  Fig.  3c, 
current  through  the  non-linear  coil  falls  suddenly  at  first  from  b  io  c  and  then 
more  slowly  from  c  to  d.  The  rate  of  change  in  region  c-d  is  much  greater 
than  that  in  a-b  as  indicated  by  the  fainter  trace  in  Fig.  3d,  so  that  eddy 
currents  in  the  core  are  increased  and  the  slope  of  the  descending  branch  of 
the  loop  reduced  correspondingly.  Thus  some  of  the  energy  previously 
stored  in  the  linear  inductor  is  used  up  in  completing  the  magnetization 
cycle  and  this  part,  consequently,  is  not  available  for  transfer  to  the  load 
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condenser.  The  maximum  voltage  to  which  C2  is  charged  in  this  interval 
is  made  much  greater  than  that  of  the  d-c.  power  source  {E^.  The  ratio  of 
these  two  voltages  depends  upon  the  ratio  of  the  inductance  charging  time  in 
the  preceding  interval  to  the  oscillation  period.  Both  factors  can  be  varied 
over  wide  limits,  and  step-up  ratios  of  roughly  ten  to  twenty  are  generally 
used. 

The  third  interval  starts  with  magnetization  of  the  non-linear  core  near 
point  d  on  the  loop,  where  the  inductance  again  drops.  This  situation  is 
precisely  the  same  as  that  previously  described  for  the  low-power  pulser. 
As  a  result  the  condenser  discharges  through  the  load  resistance  at  the  time 
indicated  in  Fig.  3c,  driving  the  core  far  into  saturation  with  a  field  of  the 
order  of  a  hundred  oersteds.  This  field  extends  too  far  to  the  left  of  point  d 
to  be  shown  in  Fig.  3(d).  Here  the  differential  permeability  approaches 
unity,  and  the  correspondingly  low  inductance  permits  a  rapid  build-up  of 
pulse  current.  Evidently  but  one  pulse  is  produced  each  time  the  tetrode 
conducts,  and  the  number  of  pulses  produced  per  second  is  changed  simply 
by  varying  the  input  frequency  without  requiring  any  circuit  change,  power 
dissipations  permitting. 

Energy  storage  in  the  linear  coil  depends  upon  its  inductance,  upon  the 
bias  current,  and  upon  the  peak  current  reached  during  the  tetrode  conduc- 
tion interval.  A  plot  of  the  current  in  L\  against  the  product  of  time  and  of 
voltage  across  the  coil  permits  this  energy  to  be  represented  as  an  area 
(Fig.  3e).  Evidently  a  given  area  can  be  made  up  by  var}'ing  the  relative 
sizes  of  its  component  triangle  and  rectangle,  only  the  latter  varying  with 
bias  current.  If  for  example  the  bias  is  reduced  to  zero,  the  rectangle  would 
vanish  and  the  peak  current  would  have  to  be  increased  to  attain  the  original 
amount  of  stored  energy.  The  higher  maximum  current  requires  more 
cathode  emission  of  the  tetrode  and  leads  to  greater  plate  power  dissipation. 
Thus  in  addition  to  determining  the  energy  stored,  the  amount  of  bias  is 
one  of  the  factors  determining  power  dissipation  capacity  and  emission  which 
must  be  provided  in  the  driving  tube  or  tubes.  Additional  factors  enter  to 
make  a  bias  corresponding  to  d  (Fig.  3d)  the  most  favorable  from  an  efficiency 
standpoint. 

The  operating  principles  developed  above  in  terms  of  a  simplified  circuit 
have  been  applied  to  a  number  of  practical  circuit  forms  which  are  described 
in  the  sections  following. 

Load  Circuit 

In  radar  applications  the  useful  load  is  a  magnetron  which  takes  the 
place  of  the  linear  resistance  previously  considered.  Since  the  magnetron 
viewed  at  its  input  terminals  acts  essentially  Hke  a  negatively  biased  rectifier, 
additional  means  must  provide  for  the  flow  of  condenser  charging  current  in  a 
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direction  opposite  to  that  of  the  discharge  pulse.  This  takes  the  form  of 
a  suitably  poled  diode  shunted  around  tlie  magnetron  input  terminals. 
After  the  main  discharge  pulse  is  completed,  reactive  elements  are  left  with 
some  little  energy  which  tends  to  redistribute  throughout  the  network. 
In  course  of  redistribution,  additional  pulses  of  lower  energy  may  occur 
shortly  after  the  main  pulse  is  completed.  This  tendency  is  a  harmful  one 
if  the  after-pulses  are  large,  since  echoes  from  short-range  targets  are  ob- 
scured. Suppression  of  after-pulses  is  assisted  by  shunting  around  the 
diode-magnetron  a  linear  inductance  known  as  a  clipping  choke.  This 
added  inductance  slows  down  the  rate  at  which  energy  is  redistributed, 
and  permits  the  diode  to  fulfill  its  second  function  of  dissipating  the  greater 
part  of  the  residual  energ>^  The  shunting  inductor,  too,  is  made  to  fill  a 
second  function.  Through  provision  of  a  bifilar  winding,  it  passes  heating 
current  to  the  filament  of  the  magnetron,  thereby  eliminating  the  need  for 
high-voltage  insulation  otherwise   required  in  the  filament  transformer. 

Magnetic  Bias 

Several  arrangements  have  been  worked  out  for  supplying  various  amounts 
of  bias,  some  of  them  using  a  separate  source,  others  being  self-biased.^ 
In  general  the  use  of  external  bias  leads  to  a  lower  demand  on  the  driving 
tetrode  and  is  associated  with  pulse  production  at  best  efficiency.  Circuits 
dispensing  with  an  external  bias  source  are  that  much  more  convenient  in 
use,  where  the  added  tube  demand  and  the  lower  efficiency  corresponding 
can  be  handled  without  undue  increase  of  the  tube  complement.  In  general 
the  energy  delivered  to  the  magnetron  is  roughly  25  to  55  per  cent  of  the 
plate  energy  input,  with  the  higher  figure  applying  to  the  higher  outputs 
and  external  bias. 

Transformer  Coupling 

In  some  cases  it  is  convenient  to  equip  the  non-linear  coil  with  primary 
and  secondary  windings  providing  voltage  transformation  or  isolation  to 
avoid  adding  a  transformer  for  that  purpose.  The  first  case  arises  in  the 
higher-powered  pulsers,  where  the  load  condenser  has  to  be  charged  to  a 
voltage  greater  than  the  driving  tetrode  can  withstand.  For  the  Western 
Electric  5D21  tubes  customarily  used,  voltage  breakdown  occurs  near  20  kv, 
while  condenser  voltages  in  certain  of  the  pulsers  reach  30  and  40  kv.  This 
situation  calls  for  a  step-up  ratio  from  primary  to  secondare'  to  fit  the 
required  potentials.  The  need  for  isolation  may  be  illustrated  by  reference 
to  Fig.  3a  where  the  bias  battery  £o  is  shown  maintained  at  the  plate  supply 
potential  above  ground.     To  avoid  the  resulting  insulation  problems  in  a 

3  One  widely  used  circuit  using  a  small  amount  of  self-bias  was  developed  by  1..  G. 
Kersta  and  E.  E.  Crump. 
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rectifier  built  to  supply  bias,  a  secondary  winding  is  readily  provided  on  the 
non-linear  coil  for  connection  to  the  linear  coil  and  to  the  bias  rectifier,  which 
can  then  be  maintained  with  one  side  at  ground  potential. 

In  either  case  whenever  coupled  windings  are  employed,  the  inside  wind- 
ing is  invariably  made  to  carry  the  discharge  pulse.  This  provision  results 
in  minimum  saturation  inductance,  since  the  inner  winding  is  brought  as 
close  to  the  magnetic  core  as  the  voltage  breakdown  strength  of  the  inter- 
vening dielectric  permits.  This  winding  is  disposed  as  uniformlyas  possible 
around  the  core  to  avoid  leakage  which  would  add  to  the  saturation  induct- 
ance, and  so  limit  the  rate  of  current  build-up  in  the  pulse.  The  other 
winding  can  then  be  disposed  with  generous  spacings,  and  with  partial  core 
coverage  if  desired. 

Pulse  Shaping 

The  oscillation  frequency  of  the  magnetron  is  determined  primarily  by 
its  internal  structure,  although  it  is  to  some  extent  a  function  of  the  im- 
pressed potential.  Departure  of  the  driving  wave  from  perfectly  rectangu- 
lar form  permits  the  oscillation  frequency  to  vary  during  the  pulse,  to  an 
extent  depending  upon  the  size  and  duration  of  the  departure  and  upon  the 
characteristics  of  the  magnetron.'*  Frequency  modulation  thus  produced 
disperses  energy  over  the  spectrum.  With  the  receiver  band  width  limited 
to  reduce  noise  and  interference,  one  effect  of  this  spreading  of  energy  over 
the  spectrum  is  to  cut  down  the  strength  of  the  observed  echo.  For  this 
reason,  other  things  being  equal,  rectangularity  must  be  approximated  well 
enough  to  make  the  wasted  energy  a  small  fraction  of  that  usefully  employed. 

It  is  convenient  to  regard  the  rectangular  wave  as  synthesized  by  a  series 
of  harmonically  related  sine  waves  of  appropriate  magnitudes.  The 
fundamental  component  according  to  this  concept  has  a  half  period  equal 
to  the  duration  of  the  pulse,  and  the  other  components,  progressively  smaller 
in  amplitude,  have  frequencies  which  are  odd  harmonics  of  the  fundamental. 
In  the  low-power  pulser  with  its  rounded  discharge  wave  the  harmonic  waves 
are  quite  small  in  amplitude.  To  approach  the  flat-topped  discharge  wave 
necessary  in  the  power  pulsers,  harmonic  components  must  be  built  up. 
This  can  be  done  by  providing  additional  resonances  in  the  discharge  circuit 
at  the  wanted  harmonic  frequencies. 

With  the  close  spacing  between  circuit  elements  and  their  proximity  to 
the  pulser  box  walls,  parasitic  capacitances  of  appreciable  magnitude  add 
to  those  normally  present.  These  involve  dielectrics  of  low  loss  and,  since 
the  circuit  elements  and  connecting  wires  are  firmly  fixed  in  position,  they 
are  fairly  well  reproduced.     They  can  be  used,  therefore,  in  conjunction 

4  The  Magnetron  as  a  Generator  of  Centimeter  Waves,  by  Fisk,  Hagstrum,  and  Hart- 
man,  B.S.T.J.,  April,  1946. 


COIL  PULSERS  FOR  RADAR 


613 


with  added  reactors  of  small  size  to  provide  harmonic  resonances  needed 
to  shape  the  discharge  pulse.  These  help  to  bring  up  the  third  and  fifth, 
and  in  some  cases  higher  harmonics. 

Results  after  shaping  are  shown  in  Fig.  4  for  two  extremes  of  pulse  width. 
The  shorter  pulse,  roughly  a  quarter  microsecond  in  average  duration, 


Fig.  4 — Shaped  magnetron  current  i)ulscs,  together  with  the  radio  l"re(iuency  si)ectro- 
grams  corresponding.  Pulse  at  u])per  left  indicates  ])resence  of  high  harmonics;  pulse  at 
upper  right  shows  strong  fifth  harmonic  and  little  at  higher  harmonics.  The  band  width 
of  the  main  energy  lobe,  and  the  dispersion  of  energy  outside  that  band  in  both  cases  indi- 
cate negligibly  srnall  effect  attriliutable  to  fretjuency  modulation. 

evidences  the  presence  of  fairly  high  harmonics.  The  wider  pulse,  roughly 
one  and  a  quarter  microseconds  in  average  duration,  has  a  strong  fifth 
harmonic  and  some  even  harmonics  as  well.^  Below  each  pulse  is  shown  a 
spectrogram  of  the  corresponding  magnetron  high-freqtiency  output,  which 

5  Magnetron  currents  are  shown  rather  than  voltages,  since  current  is  a  far  more 
sensitive  indicator  of  performance. 
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represents  energy  as  a  function  of  frequency.  Different  magnetrons  are 
used  with  the  two  pulses;  their  operating  frequencies  and  power  capacities 
differ  widely.  Apparently  frequency  modulation  exists  in  both  cases  to  a 
small  extent  indicated  by  the  departure  of  each  spectrogram  from  s}Tnmetry 
about  a  vertical  axis.     Detailed  study,    however,  shows  that  the  band 
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CLIPPING   CHOKE  LOAD   CONDENSER  LINEAR  COIL 

Fig.  5 — Typical  power  pulser  network. 


width  of  the  main  energy  lobe  differs  inappreciably  from  that  with  zero 
frequency  modulation,  and  that  the  dispersion  of  energy  attributable  to 
frequency  modulation  is  negligibly  small.  The  pulses  shown  therefore 
provide  satisfactory  performance  with  their  respective  magnetrons. 

Pulser  Box 

The  form  in  which  the  typical  power  pulser  network  appears  is  shown  in 
Fig.  5.     Power  peaks  generated  by  the  particular  network  shown  are  of  the 
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order  of  150  kw,  with  pulse  durations  of  the  order  of  a  half  microsecond. 
The  non-linear  coil  here  is  similar  to  the  one  kilogram  model  pictured  in 
Fig.  1 ;  it  is  mounted  on  a  panel  back  of  the  linear  inductor  indicated  on  the 
Figure.  The  two  larger  insulators  are  used  to  support  high-voltage  termi- 
nals, the  double  terminal  at  the  left  connecting  to  the  cathode  and  heater  of 
the  magnetron  and  the  single  terminal  at  the  right  connecting  to  the  tetrode 
plate.  The  smaller  terminals  provide  lower-voltage  connections  including 
those  to  the  plate  power  supply  of  1000-1500  volts,  the  bias  source  where 
required,  and  the  heating  power  supply  for  the  magnetron.  In  use  the 
network  is  sealed  into  a  closely  fitting  oil-filled  container. 
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Linear  Servo  Theory 

By  ROBERT  E.  GRAHAM 

The  servo  system  is  a  special  type  of  feedback  amplifier,  usually  including  a 
mixture  of  electrical,  mechanical,  thermal,  or  hydraulic  circuits.  With  suitable 
design,  the  behavior  of  these  various  circuits  can  be  described  in  the  universal 
language  of  linear  systems.  Further,  if  the  servo  system  is  treated  in  terms  of 
circuit  response  to  sinusoidally  varying  signals,  it  then  becomes  possible  to 
draw  upon  the  wealth  of  linear  feedback  amplifier  design  based  on  frequency 
analysis. 

This  paper  discusses  a  typical  analogy  between  electrical  and  mechanical 
systems  and  describes,  in  f'reciuency  response  language,  the  behavior  of  such 
common  servo  components  as  motors,  synchro  circuits,  potentiometers,  and  tach- 
ometers. The  elementary  concepts  of  frequency  analysis  are  reviewed  briefly, 
and  the  familiar  Nycjuist  stability  criterion  is  applied  to  a  typical  motor-drive 
servo  system.  The  factors  to  be  considered  in  choosing  stability  margins  are 
listed— system  variability,  noise  enhancement,  and  transient  response.  The 
basic  gain-phase  interrelations  shown  by  Bode  are  summarized,  and  some  of 
their  design  implications  discussed.  In  addition  to  the  classical  methods, 
simple  approximate  methods  for  calculating  dynamic  response  of  servo  systems 
are  presented  and  illustrated. 

Noise  in  the  input  signal  is  discussed  as  a  compelling  factor  in  the  choice  of 
servo  loop  characteristics.  The  need  for  tailoring  the  servo  loop  to  match  the 
input  signal  is  pointed  out,  and  a  performance  comparison  given  for  two  simple 
servos  designed  to  track  an  airplane  over  a  straight  line  course.  The  use  of 
subsidiary  or  local  feedback  to  hnearize  motor-drive  systerns,  and  predistortion 
of  the  input  signal  to  reduce  overall  dynamic  error  are  described. 

1.  Introduction 

A  SIMPLE  servo  system  is  one  which  controls  an  output  quantity 
according  to  some  required  function  of  an  input  quantity.  This 
control  is  of  the  "report  back"  type.  That  is,  some  property  of  the  output 
is  monitored  and  compared  against  the  input  quantity,  producing  a  net 
input  or  "error"  signal  which  is  then  amplified  to  form  the  output.  The 
first  statement  defines  the  servo  as  a  transmission  system;  the  second,  as  a 
feedback  loop.  The  problem  of  servo  design  is  then  to  fashion  the  desired 
transmission  properties  while  meeting  the  stability  requirements  of  the 
feedback  loop.     This  is  the  familiar  design  problem  of  the  feedback  amplifier. 

2.  The  Servo  Circuit 

The  design  of  linear  feedback  amplifiers  has  been  developed  to  a  high 
degree  in  terms  of  frequency  response;  that  is,  in  terms  of  circuit  response 
to  sinusoidal  signals.^  The  servo  system  is  a  special  type  of  feedback 
amplifier,  and  usually  can  be  made  fairly  linear.  Thus,  it  is  logical  to 
analyze  and  design  the  servo  circuit  on  a  frequency  response  basis.     Also, 

1  See  "Network  Analysis  and  Feedback  Amplifier  Design,"  by  H.  W.  Bode,  D.  Van 
Nostrand  Co.,  1945. 
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sen'o  systems  usually  are  combinations  of  electrical,  mechanical,  thermal, 
or  hydraulic  circuits.  In  order  to  describe  the  behavior  of  these  various 
circuits  in  homogeneous  terms,  it  is  desirable  to  recognize  the  analogous 
relationships  established  by  similarity  of  the  underlying  differential  equa- 
tions. Before  proceeding  to  a  discussion  of  frequency  analysis,  a  typical 
analogy  between  electrical  and  mechanical  systems  will  be  described. 

2.1  Electrical-Mechanical  Analogy 

Confining  the  discussion  to  rotating  mechanical  systems,  the  analogy 
which  will  be  chosen  here  puts  voltage  equivalent  to  torque,  and  current  to 
rotational  speed.  This  choice  leads  to  the  array  of  equivalents  shown  in 
Fig.  1;  inductance,  capacity,  and  resistance  corresponding  to  inertia,  com- 
pliance, and  mechanical  resistance,  respectively.  Charge  is  equivalent  to 
angular  displacement,  and  both  kinetic  and  potential  energy  are  self- 
analogous.  The  ratio  of  voltage  to  current,  or  torque  to  speed  has  the 
dimensions  of  resistance.  In  an  interconnected  electro-mechanical  system, 
the  ratio  of  voltage  to  speed  or  torque  to  current  may  be  called  a  transfer 
resistance.  Similarly,  the  ratio  of  voltage  to  angular  displacement,  or  of 
torque  to  charge,  is  a  transfer  stiffness  (reciprocal  of  capacity  or  compliance). 

Some  commonly  used  devices  for  coupling  between  electrical  and  me- 
chanical circuits  are  shown  in  Figs.  2  and  3.  The  motor.  Fig.  2a,  is  used  to 
convert  an  electrical  current  i  into  a  mechanical  speed  or  "current"  d  (  = 
dd/dt) .  The  electrical  control  current  i  is  produced  by  the  voltage  difference 
between  an  applied  emf  e  and  a  counter-rotational  emf  (not  indicated), 
acting  upon  the  total  electrical  mesh  resistance  Re*  In  the  mechanical 
circuit,  a  torque  proportional  to  i  forces  a  "current"  B  through  the  mechanical 
load  Rm  ,  /. 

.\x\  equivalent  mechanical  mesh  directly  relating  shaft  speed  to  the  applied 
emf  is  shown  in  Fig.  2b.  A  fictitious  generated  torque  y.ie  acts  upon  the 
mechanical  load  through  an  apparent  mechanical  resistance  Rm  ■  Mi 
is  a  transfer  constant  determined  both  by  the  motor  properties  and  the 
electrical  mesh  resistance  Re .  Rm  is  similarly  governed  and  is  inversely 
proportional  to  Re  . 

The  motor  may  be  compared  to  a  vacuum  tube  having  an  amplification 
factor  nt  and  a  plate  resistance  Rm  .  However,  the  motor  is  usually  much 
more  a  bilateral  coupling  element  than  the  vacuum  tube,  due  to  the  effect 
of  the  counter  emf  upon  the  electrical  mesh. 

The  potentiometer,  tachometer,  and  synchro  circuit  shown  in  Fig.  3  are 
all  means  for  converting  a  mechanical  quantity  to  an  electrical  one.  .-Vll 
three  are  substantially  unilateral  coupling  elements.     The  potentiometer 

*  Re  includes  both  the  source  resistance  and  the  motor  winding  resistance. 
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delivers  an  output  voltage  e  proportional  to  its  shaft  angle  d.  Thus,  the 
ratio  of  e  to  0  is  a  transfer  stiffness  constant  St  .  The  synchro  circuit  con- 
sists of  a  synchro  generator  connected  to  a  control  transformer,  and  delivers 
an  output  voltage  e  proportional  to  61  —  62,  the  angular  difference  between 
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Fig.  1 — Electrical-mechanical  analog}'. 


the  two  shafts.  Thus  the  action  of  the  synchro  pair  is  that  of  a  combined 
transfer  stiffness  and  differential.  The  tachometer  is  a  generator  which 
produces  an  output  voltage  e  proportional  to  6,  the  angular  speed  of  its 
shaft.     The  ratio  of  e  to  0  is  a  transfer  resistance  constant  Rt  . 
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There  are  many  other  specific  devices  used  to  convert  from  mechanical 
to  electrical  quantities.  Most  are  equivalent  to  the  potentiometer  or  syn- 
chro circuit,  one  such  being  a  lobing  radar  antenna,  which  delivers  a  voltage 
proportional  to  an  angular  difference.  A  different,  less  widely  used  device 
is  the  accelerometer,  a  generator  which  delivers  an  output  voltage  propor- 
tional to  the  angular  acceleration  of  its  shaft.  Its  characteristic  is  that  of  a 
transfer  inductance  or  inertia. 


T=Hte 


de 


(0) 
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Fig.  2 — Motor  as  a  transfer  device,    (a)  Motor  and  load,    (b)  Equivalent  mechanical  mesh. 
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Fig.  3 — Alechanical-electrical  transfer  devices. 


2.2  Frequency  Analysis 

A  brief  review  of  the  basic  concepts  of  periodic  analysis  will  be  presented. 
It  is  assumed  that  the  driving  force  applied  to  a  network  may  be  analyzed 
in  terms  of  a  series  of  sinusoidal  components  of  various  amplitudes,  fre- 
quencies, and  phases.  The  network  response  to  each  sinusoidal  component 
is  then  evaluated,  and  the  over-all  result  obtained  by  a  summation  of  all 
such    elementary    responses.     This    is    tlie    formal    procedure.     Actually 
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it  is  often  unnecessary  to  perform  these  precise  operations  in  order  to  obtain 
a  broad  picture  of  the  network  behavior. 

The  method  for  determining  the  network  response  to  a  sinusoidal  input  is 
developed  as  follows.  It  is  assumed  that  the  circuit  parameters  are  con- 
stant, independent  of  signal  amplitude.  Then,  as  indicated  in  Fig.  1,  a 
single  R-L-C  or  R-J-C  mesh  may  be  represented  by  a  constant-coefficient 
linear  differential  equation.     Choosing  the  electrical  mesh  for  illustration, 

{Lp+  R+  l/Cp)i{t)  =  e(0, 

where  p^  =  d^/dt"^,  \/p  =  /  dt,  and  e{t),  i{t)  are  the  mesh  voltage  and  cur- 
rent respectively.     This  may  be  further  abbreviated  as 

Z{p)i{t)  ^e{t),  (1) 

where  Z{p)  =  Lp  -{-  R  -{-  1/Cp.  For  purposes  of  frequency  analysis  we 
are  interested  only  in  the  forced  or  steady-state  solution  of  (1),  where  e{t) 
is  a  sinusoidal  voltage  E  sin  co/.     This  steady-state  solution  is 

*'W  =  I  ^.  ■  X  I  sin  (cot  -f  (t>), 

where 7co  has  replaced  p  in  the  function  Z(p),  and  the  phase  shift  (f>  is  the 
negativ^e  of  the  phase  angle  of  the  complex  number  Z{iu>)}  This  result  is 
conventionally  abbreviated  as 

/  =  ^,  ,  (2) 

where  7  is  a  complex  number  whose  magnitude  equals  the  peak  amplitude 
of  the  current,  and  whose  phase  angle  gives  the  associated  phase  shift. 
The  function  Z{jix>)  is  called  the  impedance  of  the  mesh. 

The  relationship  between  torque,  angular  speed,  and  mechanical  im- 
I)edance  is  of  course  the  same  as  expressed  by  (2).     That  is, 

e=  yf^,,  (2.1) 

where  6  is  the  complex  peak  amplitude  of  the  sinusoidally  varying  speed,  T 
is  the  peak  amplitude  of  the  applied  sinusoidal  torque,  and  Z(jcx})  is  the 
mechanical  impedance  obtained  by  substituting  ju:  for  p  in  the  operator 
Z{p)  =  Jp-{-  R-\-  1/Cp.     Since  the  angular  displacement  is  the  time  integral 

^  CO  is  used  to  represent  frequency  in  radians/sec,  or  Itt  times  frequency  in  cycles/sec. 
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of  the  speed,  the  expression  for  6  may  be  obtained  by  dividing  both  sides  of 
equation  (2.1)  by  p  or,  for  the  periodic  case,  hy  jw.     Thus 


joiZijoi)  ' 


(2.2) 


The  function  juZ(jco)  is  the  complex  stiffness  of  the  mechanical  mesh. 
The  phase  shift  of  6  relative  to  ^  is  —90  degrees,  as  seen  from  a  comparison 
of  (2.1)  and  (2.2). 

For  an  electro-mechanical  network  consisting  of  a  number  of  intercon- 
nected meshes,  a  set  of  simultaneous  differential  equations  of  the  type  of 
(1)  may  be  written.  If  yw  is  substituted  for  p  in  these  equations,  there 
results  a  set  of  simultaneous  algebraic  equations  which  lead  directly  to  the 
steady-state  periodic  solution.  If  a  sinusoidal  voltage  or  torque  is  applied 
at  some  mesh  of  the  network,  the  resulting  sinusoidal  current  or  speed 
response  in  some  other  mesh  is  given  by,  using  the  notation  of  (2), 

/r,  N        (Cause) 

(Response)  =    „  .  .  .   , 
Ztijo}) 

where  Ztijco)  for  the  chosen  pair  of  meshes  is  obtained  from  the  solution 
of  the  algebraic  equations.  Ztijoo)  is  called  a  transfer  impedance,  and  may 
express  the  ratio  of  a  voltage  to  current  or  speed,  or  of  a  torque  to  current 
or  speed.     The  above  relation  also  may  be  written  as 

(Response)  =  Fi(yaj)  •  (Cause), 

where  Ft(ico)  =  l/Ziijco)  is  called  the  transfer  admittance  between  the  two 
chosen  parts  of  the  network.  In  this  form  the  response  amplitude  is  ob- 
tained by  multiplying  the  forcing  sinusoid  by  |  Yi(joj)  |,  while  the  phase 
shift  is  given  directly  by  the  angle  of  Ytijo}).  The  transfer  ratio  between 
like  or  analogous  quantities  at  two  parts  of  the  network  is  similarly  a 
complex  function  of  frequency,  having  the  dimensions  of  a  pure  numeric. 

Servo  systems  usually  consist  largely  of  elementary  networks  isolated 
by  unilateral  coupling  devices  (vacuum  tubes,  potentiometers,  etc.). 
Thus,  over-all  transfer  ratios  often  may  be  evaluated  by  taking  the  product 
of  a  number  of  simple  "stage"  transfer  ratios,  rather  than  by  solving  a  large 
array  of  simultaneous  equations.  If  the  absolute  magnitudes  of  the  transfer 
ratios  or  "transmissions"  are  expressed  in  decibels'*  of  logarithmic  gain, 
both  the  over-all  gain  and  phase  shift  of  a  number  of  tandem  stages  may  be 
obtained  by  simple  addition  of  the  individual  stage  gain  and  phase  values. 

The  transfer  ratios  of  the  conversion  devices  shown  in  Figs.  2  and  3 

'  The  gain  in  decibels  for  a  given  transfer  ratio  is  taken  to  be  20  iogio  of  the  absolute 
value  of  the  ratio. 
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may  be  written  by  inspection.     Referring  to  Fig.  2b,  the  transfer  admittance 
of  a  motor  with  resistance  and  inertia  load  may  be  written  as 


where 

Rm  +  Rn 


(3) 


COr 


/ 


com  is  the  reciprocal  of  the  time-constant  of  the  motor  and  control  mesh, 
and  is  2x  times  the  "corner"  frequency  at  which  the  inertia!  impedance  just 
equals  the  apparent  mechanical  resistance.  Writing  the  transfer  charac- 
teristic in  terms  of  shaft  position,  rather  than  speed, 

For  values  of  w  small  compared  with  com  ,  d/E  is  proportional  to  l/;aj . 
This  factor  has  a  phase  shift  of  —90  degrees  and  approaches  infinity  as  w 
approaches  zero.  This  is  merely  a  statement  in  frequency  analysis  language 
that  the  motor  shaft  angle  is  the  time  integral  of  the  applied  voltage,  for 
slowly  changing  voltage.  For  more  rapidly  varying  voltage,  such  that  co 
is  large  compared  to  co™ ,  d/E  is  proportional  to  l/O'w)-  or  —  l/co-,  the  angular 
variation  being  shifted  —180  degrees  with  respect  to  the  voltage  variation. 
The  transfer  ratio  of  the  potentiometer,  Fig.  3a,  may  be  written  as 

^-St^  (4.1) 


while  for  the  tachometer,  Fig.  3c, 

E 


=  Rt,  (4.2) 


or 


^=jo^Rt.  (4.3) 

a 

Usually  at  some  point  in  the  system  a  compensating  or  "equalizing" 
network  will  be  included  to  modify  the  transfer  ratio  of  the  basic  com- 
ponents to  the  desired  over-all  transmission  characteristic.  Frequently 
this  equalizer  is  incorporated  in  the  electrical  section  of  the  servo  because 
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of  the  comparative  ease  with  which  electrical  circuit  components  may  be 
assembled  in  desired  combinations.  The  transfer  characteristic  of  the 
equalizer  may  be  simple  or  complicated,  but  in  general  may  be  written  in 
the  form, 


M» 


(jo)  +  oJi)(icj  +  C03) 
O'co  +  aj2)(ico  +  C04) 


(5) 


where  the  constants  cci ,  0^2 ,  etc.  may  be  real  or  complex.  The  synthesis  of 
equalizing  networks  is  a  well  known  art  and  will  not  be  discussed  here, 
particularly  since  most  of  the  equalization  characteristics  used  in  present 
ser\-o  systems  can  be  realized  with  simple  networks. 

2.3  Simple  Servo  System  {Single  Loop) 

The  simple  serv^o  system  may  be  divided  into  two  basic  parts,  an  amplify- 
ing circuit  and  a  monitoring  or  comparison  circuit.     Such  a  division  is 
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LOOP    TRANSMISSION-ijp 
TRANSFER   CHARACTERISTIC: 

F       -   — tL_F 

Fig.  4 — Simple  servo  system. 

indicated  in  Fig.  4,  where  11  and  /3  are  the  transfer  characteristics  of  the  am- 
plifying and  monitoring  parts,  respectively.  Fi  and  F2  represent  typical 
sinusoidal  components  of  the  total  input  and  output  quantities /i(/)  and 
/2(/),'*  while  ju  and  /3  are  comple.x-valued  functions  of  70;  as  described  in  the 
previous  section. 

The  return  signal  ^I'^  from  the  monitoring  circuit  is  added  to  the  servo 
input  Fi  to  form  a  net  /z  circuit  input  Fi  -f  /3F2 .  The  servo  transfer  char- 
acteristic is  found  by  setting 


F2  =  fJiiFi  +  ^Fs), 


from  which 


Fo  = 


1  -M^ 


Fi. 


(6) 


*  That  is,  Fi  and  F2  are  complex  quantities  employed  in  the  same  fashion  as  /  in  equa- 
tion (2). 
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The  closed  system  formed  by  the  two  basic  circuits  in  tandem  is  of  course  a 
feedback  loop,  the  loop  transmission  characteristic  being  given  by  /x/3. 

Any  desired  form  of  servo  transfer  ratio  may  be  obtained  by  an  unlimited 
number  of  ju  and  /3  circuit  combinations.^  However,  the  /3  characteristic, 
which  is  usually  determined  by  a  passive  network  or  an  inherent  property 
of  a  monitoring  device,  tends  to  be  more  stable  with  time  and  varying  signal 
amplitude  than  that  of  the  ju  circuit,  which  may  include  vacuum  tubes, 
motors,  and  other  variable  components.  Consequently,  it  is  desirable  to 
have  the  servo  transfer  characteristic  largely  dependent  upon  the  /3  circuit 
properties  alone.     This  may  be  accomplished  by  making  the  loop  trans- 
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Fig.  5 — Synchro  follow-up  system. 


mission  ju/3  very  large  compared  to  unity  over  the  essential  frequency  range 
of  the  servo  input  signal /i(,/).     Under  this  condition,  equation  (6)  becomes. 


-/3 


M/3|»l. 


(6.1) 


Thus  the  external  transfer  characteristic  is  set  by  jtJ.*  If,  for  instance,  Fi 
and  F2  are  similar  or  analogous  quantities  and  it  is  desired  to  have  the  servo 
output  a  replica  of  the  input,  jS  may  be  chosen  as  —1,  yielding  F2  c^  Fi . 
It  is  not  always  easy  to  determine  the  basic  parts  n  and  /3  of  a  servo  by 
inspection  of  a  schematic  diagram  of  the  system.  An  example  is  furnished 
by  the  synchro  follow-up  system  shown  in  Fig.  5a.  As  previously  discussed, 
the  characteristic  of  the  synchro  comparison  circuit  is  that  of  a  differential 

^  Feedback  stability  requirements  place  certain  restrictions  on  the  permissible  forms  of 
/i/S.     This  will  be  discussed  in  the  next  section. 

*  The  error  arising  from  the  approximate  nature  of  (6.1)  will  be  discussed  in  the  next 
section  as  one  type  of  "servo  error." 
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transfer  stiffness  .S",  ,  the  voltage  output  of  the  control  transformer  being 
given  by  Si{6i  —  62).  However,  as  seen  from  the  modified  diagram  of 
Fig.  5b,  the  (3  characteristic  is  simply  —  1,  the  transfer  constant  St  appearing 
in  the  n  circuit.  Thus  if  the  loop  transmission  is  kept  large,  the  essential 
relation  demanded  between  ^1  and  do  does  not  depend  upon  the  value  of  St 
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(as  is  obvious  from  physical  considerations).  This  result  also  applies  to  a 
radar  angle-tracking  loop,  where  the  received  deviation  or  error  signal  is 
proportional  to  the  difference  between  the  angular  coordinate  of  the  target 
and  that  of  the  antenna  system. 

Figures  6  and  7  represent  two  servo  systems  where  the  input  is  electrical 
and  the  output  mechanical.     In  Fig.  6  a  potentiometer  is  used  as  a  monitor- 
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ing  device,  the  transfer  stiffness  in  this  case  appearing  in  the  jS  circuit. 
If  d  is  regarded  as  the  output,  then  /3  =  —St  *  and  the  transfer  characteristic 
is,  for  high  loop  gain, 

..A  =  |  =  c,.. 

where  Ct  —  \/St  .  Thus  the  over-all  characteristic  between  input  voltage 
and  angular  displacement  is  simply  a  transfer  compliance  constant.  In 
Fig.  7  a  tachometer  monitor  is  used.  Regarding  angular  speed  d  as  the 
output,  then  jS  =  —Rt,  the  transfer  resistance  of  the  tachometer.  The 
transfer  equation  is  thus 

where  gt{=  l/Rt)  is  a  transfer  conductance. 

3.  Design  of  Simple  Linear  Servo  Systems 

The  majority  of  servo  systems  in  use,  while  often  greatly  extended  in 
space  and  frequently  including  highly  diversified  transmission  elements, 
may  be  represented  by  one  essential  feedback  loop.  However,  a  well 
designed  servo  often  will  incorporate  numerous  subsidiary  or  local  feedback 
loops  around  stages  of  the  system,  in  order  to  obtain  a  desired  degree  of 
linearity  or  performance  with  easily  obtainable  circuit  components.  Com- 
mon examples  of  such  local  feedback  loops  are  electrical  feedback  around 
vacuum  tube  amplifiers,  and  tachometer  (velocity)  feedback  around  motor- 
drive  systems.  These  subsidiary  feedback  loops  are  almost  always  designed 
so  that  they  are  individually  stable  when  the  over-all  feedback  loop  is 
opened  (assuming  the  method  employed  for  opening  the  over-all  loop  does 
not  disturb  the  impedance  terminations  of  the  local  feedback  stages). 
If  it  is  thus  assumed  that  any  subsidiary  loops  are  individually  stable,  then 
the  primary  servo  loop  design  may  be  treated  simply  as  that  of  a  single  loop, 
whose  over-all  loop  transmission  is  obtained  by  taking  the  product  of  the 
external  transfer  ratios  of  the  various  stages. 

The  design  of  a  single  loop  serv'o  may  be  divided  into  the  design  of  the 
loop  transmission  n^,  and  one  of  the  remaining  parts,  /x  or  (3.  As  previously 
described,  it  is  usually  desirable  to  fix  /3  according  to  the  required  basic 
input-output  relationship  of  the  ser\^o,  thus  leaving  mjS  as  a  single  charac- 
teristic to  be  chosen. 

*  It  is  assumed  here  that  the  transmission  of  the  n  circuit  is  basically  positive.  The 
negative  signs  associated  with  St  of  Fig.  6  and  R,  of  Fig.  7  are  then  introduced  (by  poUng) 
to  make  the  loop  transmission  n0  essentially  negative.  This  stipulation  ensures  what  is 
commonly  called  "negative  feedback,"  when  the  loop  delay  is  zero. 
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As  usual,  specification  of  the  form  of  ix^ijoi)  is  beset  by  a  series  of  per- 
formance objectives  on  the  one  hand  and  a  set  of  physical  hmitations  and 
restrictions  on  the  other.  Assuming  the  relationship  expressed  by  (6.1) 
to  be  the  required  one,  it  would  seem  desirable  to  make  ii^{j<ji)  very  large 
compared  to  unity  at  all  frequencies.  However,  there  are  reasons  why  this 
is  neither  possible  nor  actually  desirable.  As  the  value  of  oj  is  increased, 
the  loop  transmission  is  eventually  controlled  by  parasitic  circuit  elements 
such  as  distributed  capacity  and  inductance  in  the  electrical  circuits,  and 
distributed  inertia,  compliance,  and  backlash  in  the  mechanical  circuits. 
The  effect  of  these  parasitic  elements  at  the  higher  signal  frequencies  is  to 
cause  I  Mi3  I  to  decrease  as  a  very  high  order  of  l/oj  with  increasing  frequency. 
It  will  be  shown,  however,  that  feedback  stability  considerations  require 
the  loop  transmission  to  be  decreasing  comparatively  slowly  through  the 
frequency  region  where  |  m/3  |  is  of  the  order  of  unity.  Thus  ju/3  must  be 
reduced  below  unity  at  a  frequency  sufficiently  low  to  avoid  excessive  con- 
tribution from  the  parasitics. 

The  presence  of  "noise"  or  undesired  disturbances  in  the  servo  input 
signal  is  another  compeUing  factor  in  the  design  of  the  loop  characteristic. 
Input  noise  is  harmful  both  in  causing  spurious  output  fluctuations  and  in 
overloading  the  power  stages  of  the  serv'o  system.  Both  of  these  effects 
are  reduced  by  narrowing  the  frequency  band  of  the  servo  transfer  charac- 
teristic. Referring  to  the  expression  for  the  transfer  characteristic  given 
by  (6),  it  may  be  seen  that  a  restricted  transfer  bandwidth  may  be  obtained 
by  reducing  y.  and  n^  well  below  unity  at  a  small  value  of  signal  frequency.^ 

On  the  other  side  of  the  picture  is  the  requirement  of  fidelity  in  main- 
taining the  desired  input-output  relationship.  Undue  narrowing  of  the 
transfer  bandwidth  of  the  servo  results  in  large  dynamic  error,  the  mag- 
nitude of  which  depends  both  upon  the  character  of  the  input  signal  and 
upon  the  chosen  transfer  characteristic. 

The  optimum  design  of  a  servo  system,  for  a  specified  input  signal  and 
noise,  thus  is  a  compromise  between  dynamic  error  and  output  noise  fluc- 
tuations, with  stability  considerations  and  parasitic  circuit  elements  re- 
stricting the  possible  choice  of  loop  transmission  characteristics, 

3.1  Stability  of  Single  Loop  Systems 

The  word  stable  as  applied  to  a  servo  system  is  used  here  to  imply  a  sys- 
tem whose  transient  response  decreases  with  increasing  time.    It  is  possible 

*  When  the  /3  characteristic  is  under  suitable  design  control,  another  method  is  available* 
Thus  if  0  is  made  to  rise  in  the  frequency  region  of  the  desired  transfer  cut-ofT,  and  if  nfi 
is  maintained  large  beyond  this  region,  (6.1)  shows  that  the  desired  restriction  is  elTected. 
For  a  given  transfer  characteristic,  this  cut-off  method  requires  a  \Yider  frequency  range 
for  A(/3  and  is  thus  more  vulnerable  to  the  elTects  of  parasitic  circuit  elements.  However, 
shaping  of  both  the  /z  and  /3  circuits  permits  a  more  rapid  cut-off  of  the  servo  transfer 
characteristic  than  is  possible  with  /x  circuit  shaping  alone. 
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to  determine  the  stability  of  a  completed  serv^o  design  by  obtaining  the 
transient  solution  of  its  differential  equation.  Though  often  very  tedious, 
this  is  fairly  straightforward.  However,  this  method  of  procedure  often  is 
of  little  help  either  in  guiding  the  initial  design  or  in  predicting  the  necessary 
changes,  should  the  trial  design  be  found  unstable.  The  addition  of  even 
one  circuit  element  to  a  design  will  generally  create  an  entirely  new  differen- 
tial equation  whose  solution  must  be  found. 

An  alternative  method  for  determining  servo  system  stability,  based  on 
frequency  analysis,  furnishes  the  necessary  information  in  a  form  which 
greatly  facilitates  the  design  procedure.  This  method  is  relatively  simple 
to  apply,  even  when  the  system  has  a  large  number  of  meshes  and  a  high 
order  differential  equation,  and  the  additive  effects  of  minor  circuit  modi- 
fications are  easily  evaluated. 

The  stability  of  a  single  loop  servo  system — or  of  a  primary  loop,  when 
the  subsidiary  loops  are  individually  stable — may  be  investigated  by  plot- 
ting the  negative  of  the  loop  transmission,  —y.^{joi),  on  a  complex  plane 
for  real  values  of  co  ranging  from  minus  infinity  to  plus  infinity.  (The 
negative  sign  is  introduced  because  the  loop  transmission  ju/3  is  generally 
arranged  to  have  an  implicit  negative  sign,  apart  from  network  phase  shifts. 
Thus  — /i/3  is  a  positive  real  number  when  the  network  phase  shift  is  zero.) 
Then  the  necessary  and  sufficient  criterion  for  system  stability  is  that  the  result- 
ing closed  curve  must  not  encircle  or  intersect  the  point  —1,0*  This  type  of 
plot  is  commonly  called  a  Nyquist  diagram,  and  is  widely  used  in  the  design 
of  electrical  feedback  amplifiers.  An  added  stipulation  is  necessary-  if  fxlSijo:) 
becomes  infinite  at  a  real  value  of  co,  say  w'.  In  this  case  an  infinitesimal 
positive  real  quantity  e  must  be  added  to  jco;  that  is,  the  function  to  be 
plotted  is  M/3(.7co  +  e).  This  has  no  effect  upon  the  plot  except  in  the  neigh- 
borhood of  the  singularity,  where  fx0{jo)  +  e)  is  caused  to  traverse  an  arc  of 
infinite  radius  as  co  is  varied  through  the  value  co'. 

As  seen  from  (3.1),  inclusion  of  a  motor  in  a  servo  loop  of  the  type  shown 
in  Figs.  5  and  6  will  cause  an  infinite  loop  transmission  at  a-  —  0,  assuming 
there  is  transmission  around  the  remainder  of  the  loop  at  zero  frequency. 
The  motor  is  the  only  commonly  encountered  circuit  element  capable  of 
producing  an  infinite  loop  transmission  at  real  frequencies. 

In  order  to  illustrate  the  use  of  the  Nyquist  diagram,  a  motor  servo  sys- 
tem of  the  type  shown  in  Fig.  6  will  be  chosen.  Again  referring  to  equation 
(3.1),  it  may  be  seen  that  the  transfer  ratio  of  the  motor  and  potentiometer 
is, 

*  This  criterion  is  due  to  H.  Nyquist,  "Regeneration  Theory,".  B.  S.  T.  J.,  January  1932. 
Detailed  descriptions  of  stability  criteria  for  single  and  multiple  loop  systems  are  given  by 
Bode,  loc.  cit.,  and  by  L.  A.  MacColl,  "Fundamental  Theor}^  of  Servomechanisms,"  D. 
Van  Nostrand  Co.,  1945. 
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It  is  assumed  that  the  amplifier  includes  an  equaUzing  network,  such  that 
the  over-all  amplifier  characteristic  is 

<ji;2 


(^■)(; 


where  A,  oji ,  and  0^2  are  positive  real  constants.  The  loop  transmission  is 
given  by  the  product  of  these  two  transfer  factors  and  thus  may  be  written 
as 

where  ojo  is  a  positive  real  constant  given  by 

AStiit  AStUt 


OJo 


1/  Rm    +   Rm 


The  three  factors  in  parenthesis  have  been  so  grouped  that  they  all  approach 
unity  for  small  values  of  co.  Thus  the  low-frequency  behavior  of  —  ju/3  is 
given  by  cooZ/'w.  This  quantity  has  a  pole  at  co  =  0,  so  that  it  is  necessary 
to  plot  the  function 

-M/3(ico  +  e)  -  .^,  (7.1) 

in  the  neighborhood  of  cj  =  0.  As  co  is,  in  succession,  a  small  negative  quan- 
tity, zero,  and  a  small  positive  quantity;  the  expression  of  (7.1)  is  correspond- 
ingly a  large  positive  imaginary,  a  large  positive  real,  and  a  large  negative 
imaginary.  Thus  (7.1)  traverses  an  infinite  arc  from  the  positive  imaginary 
axis  to  the  negative  imaginary  axis  as  oj  increases  through  the  value  zero. 
Assuming  the  numerical  values 

coo  =  200  sec-i 

COm    =  1 

COl     =        10        " 

C02     =    200         "      , 

equation  (7)  may  be  rewritten  as 

The  phase  angle  of  — m/^  in  degrees  is,  from  (7.2), 

B  =   -90  -  tan  ' CO  +  tan"'  ^^  -  3  tan"'  ^^,  (7.3) 
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while  the  absolute  magnitude  is  given  by 
200 


M^l   = 


1       \/10'  +  co' 


1    +   WVV  102         /\  2002  +  C02 


200 


(7.4) 


The  Nyquist  diagram  of  (7.2)  is  shown  in  Fig.  8.     To  emphasize  the  im- 
portant features,  radial  magnitudes  have  been  plotted  on  a  logarithmic 


Fig.  8 — Nyquist  diagram  of  —fiP. 

scale. ^  The  arrows  indicate  the  direction  of  traversal  as  w  is  varied  from 
—  CO  to  +  00 .  The  infinite  arc  traversed  as  co  varies  through  zero  is  indi- 
cated symbolically  by  the  dotted  semicircle  in  the  right  half  plane. ^  As 
is  the  case  for  any  physical  system,  the  plot  for  negative  values  of  w  is 
simply  the  mirror  image  of  the  positive  frequency  plot. 

Since  the  polar  plot  does  not  encircle  or  intersect  the  "critical"  point  — 1,0, 

^  Except  in  the  immediate  neighborhood  of  the  origin,  where  a  hnear  scale  must  be  em- 
ployed to  plot  the  value  nfi  =  0. 

*  The  exact  shape  of  this  arc  is  of  no  consequence. 
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the  system  is  seen  to  be  stable.^  From  a  practical  standpoint  it  is  necessary 
to  know  not  only  that  a  design  is  stable,  but  that  it  has  sufficient  margin 
against  instability.  The  need  for  proper  stability  margin  arises  from  two 
general  considerations.  First,  the  loop  transmission  of  the  physical  system 
will  vary  with  time  due  to  aging,  temperature  changes,  line  voltage  fluctua- 
tions, etc.  Also  the  physical  embodiment  will  depart  from  the  paper  de- 
sign due  to  errors  of  adjustment  and  measurement,  and  to  the  effects  of 
unallowed-for  parasitic  elements.  Second,  a  design  which  is  too  near 
instability  will  have  an  undesirable  transient  response — large  overshoots 
and  persistent  oscillations — and  will  unduly  enhance  noise  in  the  input 
signal. 

Stability  margin  is  measured  in  a  sense  by  the  minimum  displacement 
between  the  polar  plot  and  the  point  —1,0.  In  feedback  amplifier  design, 
two  numbers  often  are  taken  as  a  measure  of  margin  against  instability. 
These  are  called  the  gain  margin  and  the  phase  margin.  The  gain  margin, 
Gm  ,  measures  the  amount,  in  decibels,  by  which  the  magnitude  of  n0  falls 
short  of  unity,  at  a  phase  angle  of  ±180  degrees.  The  numerical  value  of 
gain  margin  for  the  system  of  Fig.  8  is  about  18  db,  which  is  the  required 
increase  in  amplifier  gain  to  make  the  servo  unstable.  That  is,  this  in- 
crease in  amplifier  gain  would  multiply  the  cur\-e  of  Fig.  8  by  a  constant 
factor  such  that  it  would  intersect  the  point  —1,0.  The  phase  margin, 
Bm  ,  is  equal  to  the  absolute  magnitude  of  the  angle  between  — /u/3  and  the 
negative  real  axis,  at  |  iu/3  |  =  1.  Figure  8  illustrates  a  phase  margin  of 
about  50  degrees.  That  is,  if  the  points  on  the  curve  where  |  /i/3  |  =  1.0 
were  swung  toward  the  negative  real  axis  by  about  50  degrees  they  woirid 
coincide  with  the  point  —1,0,  and  the  ser\'o  would  be  unstable. 

The  t>^e  of  transient  response  obtained  with  reasonable  gain  and  phase 
margins  is  indicated  in  Fig.  9,  which  shows  the  response  of  the  illustrative 
ser\-o  system  to  an  input  step.  The  initial  overshoot  is  about  25%,  and 
the  oscillation  damps  out  very  quickly.  For  the  general  case,  (6)  ma}-  be 
rewritten  in  the  form 


-M/3 


^'  (8) 


LI  -  M^J   -/3 

The  relation  Fo  =  Fi/  —  i3  ma}-  be  regarded  as  the  desired  one,  with  the 
bracketed  factor  acting  as  the  inevitable  modifier.     Then  if  the  quantity 

'  With  more  complicated  systems  it  may  not  be  obvious  whether  or  not  the  plot  en- 
circles —  1,0.  A  simple  test  employs  a  vector  with  its  origin  at  the  —1,0  point  and  its 
tip  on  the  curve.  If  the  vector  undergoes  zero  net  rotation  as  it  traces  along  the  curve 
from  o)  =  0  to  CO  =   =c ,  the  curve  does  not  encircle  the  critical  point. 

'"  In  some  servo  systems  a  decrease  in  amplifier  gain  also  may  cause  instability.  Such 
systems  are  still  covered  by  the  polar  plot  criterion  of  stabihty,  and  are  commonly  called 
"Nyquist  stable,"  or  "conditionally  stable." 
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— /xjS  exhibits  gain  and  phase  margins  of  the  order  of  10  db  and  50  decrees 
resoectively,  the  transient  response  of  the  modifying  factor  to  a  step  function 
will  be  well-damped  and  generally  not  overshoot  more  than  about  25%. 
If  the  gain  margin  is  sufficient,  the  phase  margin  usually  will  be  the  dominant 
factor  in  determining  the  size  of  the  initial  overshoot.  The  required  phase 
margin  for  critical  damping  depends  upon  the  exact  shape  of  m/^O'cj),  but 
in  general  is  about  60  degrees.  The  gain  margin  needed  in  a  particular 
design  will  depend  upon  the  expected  variability  of  the  loop  transmission. 
Radar  tracking  loops  should  usually  have  gain  margins  of  the  order  of  15 
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Fig.  9 — Transient  response  of  illustrative  servo  system. 

db  or  more  because  of  the  large  number  of  factors  which  may  cause  the  loop 
gain  to  vary. 

While  the  polar  diagram  gives  a  clear  picture  of  stability  considerations, 
it  is  usually  more  convenient  for  design  purposes  to  plot  the  gain  and  phase 
of  —  ;u;S  as  separate  curves  on  a  logarithmic  frequency  scale,  for  positive 
values  of  w.  This  is  illustrated  in  Fig.  10,  for  the  sample  servo  system. 
Under  two  commonly  met  conditions,  the  requirement  for  single  loop" 
stability  on  this  type  of  plot  is  simply  that  the  absolute  value  of  phase  shift 
be  less  than  180  degrees  at  zero  db  gain  (|  M)3  |  =  1).  The  conditions  are 
that  the  connective  polarity  be  such  as  to  make  — /xjS  positive  when  the 


"  Again,  multiple  loop  systems  ma\'  be  included  if  all  subsidiary  loops  are  individually 
stable. 
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network  phase  shifts  vanish,  and  that  the  gain  curve  cross  zero  db  at  only 
one   frequency.'^ 

An  advantage  of  this  logarithmic  diagram  is  that  commonly  encountered 
forms  of  I  Mi^  I  vary  as  w'^"'  for  intermediate  or  asymptotic  frequency  regions, 
and  thus  plot  as  corresponding  straight  line  segments.  From  (7.4)  it  may 
be  seen  that  the  illustrative  form  of  |  )u/3  |  behaves,  in  turn,  as  200a)~', 
200a)~-,  20aj~^  and  1.6  X  lO^co"'*,  asw  is  increased.  These  asymptotic  lines 
are  drawn  in  lightly  in  Fig.  10,  the  actual  gain  describing  smooth  transi- 
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Fig.  10 — Loop  characteristic  of  illustrative  servo  system. 


tions  between  adjacent  asymptotes.  Since  the  logarithmic  slope  of  a?  is 
±6yfe  db/octave,^^  the  successive  asymptotic  slopes  in  Fig.  10  are  —6,  —12, 
—  6,  and  —  24  db/octave.  The  junctures  of  adjacent  asymptotes  occur  at 
values  of  co  of  1,  10,  and  200,  These  juncture  frequencies  are  called  "cor- 
ner" frequencies,  and  may  be  seen  from  (7.2)  to  coincide  with  the  real  con- 
stants or  "roots"  added  toyco  in  each  of  the  three  factors  in  parentheses. 
The  corner  associated  with  the  factor  200/;co  is  of  course  at  co  =  0.  The 
corner  of  the  last,  or  cubed  factor  is  a  multiple  one,  joining  two  asymptotes 
differing  in  slope  by  18  db/octave.     From  a  knowledge  of  such   corner 

12 This  discussion  assumes  that  ^/3  has  a  low-pass  configuration;  that  is,  only  the  high 
frequency  cut-off  is  considered.  If  /i/3  has  a  ow-frequency  cut-off  also,  then  a  corre- 
sponding requirement  identical  with  the  above  must  l)e  added. 

"'  An  octave  is  taken  to  be  a  2:1  span  in  frequency,  and  6  db  is  of  course  very  closely 
equivalent  to  a  2 : 1  increase  in  |  m/3  I- 
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frequencies,  and  the  fact  that  the  actual  gain  curv^e  Hes  3  db  from  an  iso- 
lated simple  asymptotic  corner,  the  gain  curve  can  usually  be  drawn  in 
without  further  computation.^''  The  phase  curve  also  is  easily  constructed 
by  adding  up  the  elementary  phase  curves  associated  with  the  various  cor- 
ners. As  may  be  seen  from  (7.3),  these  component  phase  curves  all  will 
have  the  same  shape  on  a  logarithmic  frequency  plot,  merely  being  shifted 
along  the  frequency  scale.  The  phase  contributed  by  each  simple  corner 
will  be  ±  45  degrees  at  the  corner  frequency,  the  sign  depending  upon 
whether  the  associated  root  appears  in  the  numerator  or  in  the  denominator. 
It  is  an  extremely  important  fact  that  the  very  requirement  of  stability 
imposes  an  unambiguous  interrelationship  between  the  gain  and  the  phase 
shift  of  most  types  of  transfer  characteristic!  By  the  general  mathema- 
tical methods  leading  to  the  previously  discussed  stability  criteria,  Bode^^ 
has  shown  that  this  is  true  for  the  broad  class  of  network  structures  com- 
monly used  in  feedback  loop  design.  That  is,  if  either  the  transfer  gain 
or  phase  shift  is  specified  at  all  frequencies,  the  attendant  phase  or  gain  can 
be  computed  without  further  information.  This  class  of  networks  is  called 
minimum  phase.  Any  stable  structure  composed  of  lumped  circuit  ele- 
ments will  have  a  transfer  characteristic  of  the  minimum  phase  type,  pro- 
vided it  does  not  include  an  all-pass  section. ^^  All-pass  characteristics  are 
seldom  used  in  the  design  of  feedback  loops,  since  their  inclusion  in  the  loop 
always  reduces  the  stability  margins  achievable  with  a  given  high-frequency 
cut-off.  Thus  the  unique  interrelationship  between  phase  and  gain  may 
be  assumed  for  the  loop  characteristic  — /Xj8  in  single-loop  feedback  systems. 
The  nature  of  this  relationship  is  discussed  in  detail  by  Bode.  Briefly,  the 
phase  shift  at  any  frequency  coc  is  proportional  to  a  weighted  average  of 
the  gain  slope  in  db/octave,  over  the  entire  logarithmic  frequency  scale. 
The  weighting  factor  sharply  emphasizes  gain  slopes  in  the  immediate  vicin- 
ity of  03c ,  while  the  contributions  of  gain  slopes  at  remote  frequencies  are 
reduced  in  proportion  to  the  logarithmic  frequency  span  from  the  par- 
ticular frequency  coc  -^^  For  transfer  characteristics  of  the  form  w  , 
having  a  constant  gain  slope  of  ±6^  db/octave,^^  the  associated  phase  shift 
is  also  constant  and  equal  to  ±90yfe  degrees.  For  transfer  functions  which 
behave  approximately  as  co^''  over  a  finite  frequency  span,  the  phase  shift 

"The  corner  frequency  concept  is  less  useful  if  the  roots  are  complex.  However  a 
great  many  servo  systems  are  so  constructed  that  i^P  has  only  real  roots. 

^^Loc.  cit.  Also  see  "Relations  between  attenuation  and  phase  in  feedback  amphfier 
design,"  by  H.  W.  Bode,  5.  5.  r. /.,  July  1940,  p.  421. 

'^  An  all-pass  section  is  one  which  has  constant  gain  but  varying  phase  shift  versus 
frequency,  and  is  usually  composed  of  a  lattice,  bridged  T,  or  other  bridge  type  circuit. 

*^  About  60%  of  the  area  under  tliis  weighting  function  lies  between  co  =  0.5  wc  and 
u  =  2  uc ,  80%  between  0.25  Wc  and  4  oic  ■ 

^*  That  is,  for  transfer  characteristics  whose  absolute  magnitude  is  given  by  w'^^ ■  •  ■■ 
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of  ±90^  degrees  is  approached  more  and  more  closely  as  the  length  of  span 
is  increased. 

This  may  be  observed  qualitatively  from  the  transfer  characteristic  of 
Fig.  10.  For  oj  <<C  1,  the  gain  slope  is  —6  db/octave,  and  the  phase  shift 
approaches  —  90  degrees.     For  1  <  co  <  10,  the  average  gain  slope  is  about 

—  10  db/octave,  and  the  phase  shift  near  oj  =  3  is  — 148  degrees  (instead  of 

—  90  X  10/6  =  —150  degrees).  As  co  increases  toward  200,  the  phase 
shift  increases  rapidly  due  to  the  asymptotic  slope  of  —  24  db/octave,  finally 
approaching  -360  degrees  (-90  X  24/6)  for  w  »  200. 

Foreknowledge  of  the  inevitable  gain-phase  relationship  is  of  great  value  to 
the  servo  designer,  in  making  clear  the  comparatively  small  class  of  realiz- 
able gain-phase  combinations  and  thus  averting  attempts  at  non-physical 
designs.  For  example  the  design  use  of  too-rapidly  falling  loop  gain  charac- 
teristics in  the  region  of  the  high-frequency  gain  cross-over  (that  is,  near 
zero  db  loop  gain)  is  not  permissible  because  of  the  large  negative  phase 
shifts  which  must  accompany  the  steep  gain  slopes.  Another  way  of  stat- 
ing the  advantage  of  an  early  realization  of  the  gain-phase  laws  is  to  say 
that  the  designer  is  assured  in  advance  that  any  paired  gain  and  phase 
characteristics  which  he  chooses  within  the  basic  restrictions  will  be  achiev- 
able with  stable  physical  networks.^^ 

3.2  Dynamic   Error 

A  serv^o  system  is  usually  designed  to  transmit  some  class  of  input  func- 
tions with  a  required  degree  of  fidelity.  This  class  of  functions  may  reduce 
substantially  to  one  specific  input  signal  whose  time  variation  or  whose  fre- 
quency spectrum  is  known,  or  it  may  include  a  great  variety  of  signals 
which  have  certain  properties  in  common.  In  the  latter  case  it  is  conceiv- 
able that  definite  limits  may  be  placed  upon  the  allowable  amplitude  ranges 
of  the  input  signal  and  its  various  time  derivatives,  or  certain  limiting  fre- 
quency spectrum  characteristics  may  be  specified  for  the  input  function. 

Servomechanisms  are  subject  to  several  types  of  transmission  error. 
The  systematic  error,  or  dynamic  error,  is  predictable  from  knowledge  of  the 
noise-free  input  signal  and  of  the  transfer  frequency  characteristic  of  the 
servo  system.  For  simplicity,  the  discussion  of  error  will  be  limited  to  the 
case  where  the  output  signal  is  desired  to  be  a  replica  of  the  input,  and 
where  /3  =  —  1.  Thus  the  loop  transmission  /xjS  becomes  simply  — /i.  The 
input-output  relationship  as  given  by  (6)  is  therefore 

F2  =  ^  F, ,  (9) 

1  +  M 

^^  With  some  necessary  reservations  as  to  practicable  dissipation  constants  and  para- 
sitic circuit  constants. 
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where  Fi  and  F-i  are  again  t}'pical  sinusoidal  components  of  the  input  and 
output  respectively.  Thus  the  corresponding  sinusoidal  error  component 
may  be  written  as 

A  =  Fi  -  F2  =  -^  .  (9.1) 

The  methods  which  may  be  used  to  determine  the  actual  dynamic  error 
A(/)  from  (9.1)  depend  both  upon  the  nature  oifi(f)  and  the  type  of  informa- 
tion available  about /i(/).  If  the  input  signal  is  a  known  periodic  function, 
A(/)  may  be  found  by  appl^ang  (9.1)  for  each  sinusoidal  component  of  the 
input  and  summing  the  resulting  terms.  If  the  input  is  non-periodic  in 
character,  then  the  error  may  be  calculated  from  the  Fourier  integral  ex- 
pression 

A(/)  =  i-  f "  ^  .^-^  dco,  (10) 

where  Fi{cci)  represents  the  continuous  frequency  spectrum  oi  fi(t),  as  ob- 
tained from 

FM   =    r  Mt)e''''-"  df.  (10.1) 

J— 00 

The  problems  of  calculating  Fi{u)  from/i(/)  and  A(/)  from  Fi(w)  often  may 
be  avoided  by  consulting  well-known  tabular  lists  of  paired  time  and  fre- 
quency functions. 

Equation  (9.1)  may  be  used  as  a  broad  guide  in  selecting  the  type  of  /z 
characteristic  best  suited  to  a  particular  input  signal.  It  has  been  men- 
tioned previously  that  because  of  input  noise  and  parasitic  circuit  elements, 
the  servo  transfer  bandwidth  usually  should  be  kept  as  narrow  as  possible, 
consistent  with  dynamic  error  requirements.  The  transfer  characteristic 
/i/(l  -J-  /x)  will  be  closely  equal  to  unity  while  |  /x  |  ^  1,  will  rise  slightly 
in  the  region  where  \  n  \  ^=^  1,  and  fall  off  as  n  when  /x  is  small  compared 
with  unity.  The  "cross-over"  frequency,  for  which  [  m  1=  1,  may  be  taken 
as  a  rough  measure  of  the  transfer  bandwidth.  Thus,  the  requirement  of 
minimizing  the  bandwidth  may  be  restated  as  that  of  minimizing  the  cross- 
over frequency,  while  holding  the  dynamic  error  within  specified  limits. 
Reasoning  in  a  general  way,  this  requirement  may  be  met  by  designing  /x 
so  that  the  amplitudes  of  the  sinusoidal  error  components,  as  given  by 

''"  An  excellent  list  is  given  by  G.  A.  Campbell  and  R.  M.  Foster  in  a  Bell  Sj'stem  mono- 
graph "Fourier  Integrals  for  Practical  Application,"  September,  1931.  A  table  of  Laplace 
Transforms,  which  also  may  be  used,  is  given  by  M.  F.  Gardner  and  J.  L.  Barnes  in 
"Transients  in  Linear  Systems,"  John  Wiley  and  Sons  Inc.,  1942. 

21  Assuming  a  phase  margin  of  the  order  of  60  degrees. 
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(9.1),  are  roughly  constant  with  frequency  over  the  servo  band.  This  de- 
mands that  fx  have  somewhat  the  same  frequency  distribution  as  the  input 
signal  spectrum  (for  |  /x  |  )>>  1).  Because  of  stabihty  requirements  and 
complexity  of  the  necessary  apparatus,  this  rule  can  usually  be  followed 
over  only  a  part  of  the  servo  frequency  band,  especially  when  the  input 
signal  spectrum  falls  ofif  very  rapidly  with  increasing  frequency.  However, 
even  a  rough  adherence  to  this  desired  relation  is  usually  of  real  worth  in 
reducing  the  noise  errors  of  the  servo.  An  illustration  of  this  will  be  given 
in  a  later  section. 

3.21  Approximate  Calculation  of  Dynamic  Error 

Frequently  the  servo  requirement  is  to  transmit,  with  great  accuracy,  a 
type  of  signal  whose  frequency  spectrum  falls  off  very  rapidly  with  increas- 
ing frequency.  As  may  be  seen  from  (9.1)  this  demands  very  large  values 
of  loop  transmission  ix  at  the  lower  frequencies  where  the  input  signal 
energy  is  concentrated,  but  permits  a  rapidly  dropping  loop  transmission 
versus  frequency  commensurate  with  the  falling  amplitude  spectrum  of  the 
input  signal.  Such  a  rapid  reduction  in  loop  gain  is  practicable  while 
I  ju  I  ^  1.  However  stability  considerations  force  a  more  gradual  gain 
reduction  as  the  region  of  gain  cross-over  is  approached.  As  a  result, 
contributions  to  the  servo  error  from  this  frequency  region  may  be  neg- 
lected compared  with  those  from  the  lower  frequencies.  This  suggests  a 
series  expansion  of  (9.1)  in  the  form, 

A  =  [(70  +  fli(iw)  +  a2{jo:Y  -f  a^ijc^y  J^   ...]F,,  (11) 

where  oo ,  Qi ,  etc.  are  real  constants. 

Because  of  the  assumed  rapid  drop  in  component  amplitude  Fi  with  in- 
creasing frequency  it  is  often  unnecessary  to  take  account  of  moie  than  a 
few  terms  of  the  expansion. -- 

It  is  easy  to  show  that  (11)  may  be  rewritten  on  a  time  basis  to  give  the 
total  dynamic  error  as 

A(0  =  a,fx{t)  +  ai/i(0  +  a2fi{t)  +  •  •  •  ,  (12) 

where  (*)  =  d{  )/dt.  Thus  the  coefficient  co  gives  the  error  component 
proportional  to  input  displacement.  Similarly,  ci  and  a^  are  the  coefficients 
of  the  error  components  due  to  input  velocity  and  input  acceleration,  re- 
spectively. For  a  great  many  motor-drive  servo  systems  the  loop  trans- 
mission n  approaches  infinity  as  l/;a)  when  co  approaches  zero.     This  en- 

^"^  The  series  may  be  said  to  converge  rapidly  in  a  practical  sense,  foi  the  following  reason : 
For  small  values  of  co  the  higher  order  terms  are  negligible.  For  values  of  oj  sutliciently 
large  that  the  high  order  terms  may  no  longer  be  neglected  the  coeflicient  b\  has  become  so 
small  as  to  make  the  contribution  of  the  entire  series  negligible. 
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sures  that  oo  and  thus  the  displacement  error  will  be  zero,  leaving  prin- 
cipally the  velocity  and  acceleration  errors  to  be  considered. 

The  coefficients  Co ,  ai ,  02 ,  etc.  may  be  calculated  easily  for  any  particu- 
lar case.  For  illustration,  the  three  common  forms  of  fi  characteristic  shown 
in  Fig.  11  will  be  examined.  (As  previously  discussed,  the  designated  forms 
of  fj.  need  hold  only  for  |  /x  |  ;^  1.) 


\ 


LOG   OJ  m~ 

Fig.  11 — Elementarj'  /x  forms. 


Type  1.  —6  db/ octave,  n  =  ooo/joi 
The  error  expansion  becomes, 


A(/)  =-f,{t)  -\f\{t)  + 

0)0  Wo 


(12.1; 


For  the  combination  of  high  accuracy  and  rapidly  converging  input  spec- 
trum, the  first  term  is  the  only  one  of  importance.  Thus  this  type  of  sys- 
tem has  essentially  a  velocity  error. 

Type  2.   —12  db/ octave,  11  —   {uq/juY 
Here  the  error  is 


A(/)  =  -.f,{t) 

Cx^O 


(12.2) 
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Again  for  the  rapidly  converging  case,  this  system  will  have  principally  an 
acctleration  error. 

Type  3.  —6,  —12  db/octaie,  fj,  =  ojocci/juiju  +  coi) 

This  is  perhaps  the  most  commonly  encountered  characteristic  in  simple 
servos.     The  corresponding  error  expansion  is 

A(/)   =  -/i(0  +  -^  /;(/)  -  -^-  MO ,  (0)0  »  coi).        (12.3) 

and  the  principal  error  for  this  type  system  thus  is  a  combination  of  velocity 
and  acceleration  components.  Either  the  velocity  or  the  acceleration  error 
component  may  be  predominant,  depending  upon  the  various  parameters. 

3.3  Noise  E,rrors 

The  typical  sinusoidal  component  of  servo  error  due  to  noise  (unwanted 
signals  or  irregularities)  in  the  input  signal  may  be  written  as* 

A„  =  -^  N,  (13) 

1  +  M 

where  N  represents  the  corresponding  sinusoidal  component  of  the  input 
noise.  If  the  noise  signal  n{t)  is  known,  the  total  noise  error  A„(/)  may  be 
calculated  from  (13)  in  the  ways  described  for  the  dynamic  error.  How- 
ever, the  noise  input  is  seldom  known  in  this  sense,  although  certain  out- 
standing components  sometimes  may  be  estimated  and  their  effects  evalu- 
ated. On  the  other  hand  the  average  disturbance  due  to  random  input 
noise,  of  the  kind  described  as  "thermal  noise"  in  electrical  circuits,  may 
easily  be  calculated.  This  type  of  noise  has  constant  amplitude  versus 
frequency,  and  the  total  power  in  the  output  noise  error  may  be  found  from 

2 


Pn 


1+M 


do:,  (14) 


where  K  is  a.  constant  dependent  upon  the  input  noise  power. 

Input  noise  also  causes  overloading  of  the  power  amplifier  and  overheat- 
ing of  the  motor.  These  effects  are  aggravated  by  the  falling  transfer 
characteristic  versus  frequency  of  the  motor,  as  seen  from  the  following  dis- 
cussion. The  servo  transfer  characteristic  is  maintained  approximately 
at  unity  out  to  the  cross-over  frequency.  However  the  transfer  ratio  of 
the  motor,  equation  (3.1),  will  be  falling  at  least  at  6  db/octa.\'e,  usually 
at   12  db/ociave,  at  frequencies  below  this  point.-'    Thus  the   transfer 

*  Again  assuming /3  =  —1. 

23  Assuming  that  the  mechanical  load  impedance  is  a  series  combination  of  resistance 
and  inertia. 
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characteristic  (loop  closed)  from  the  servo  input  up  to  the  motor  and  power 
amplifier  must  rise  correspondingly  with  frequency,  out  to  the  cross-over 
point.  Again  assuming  input  noise  of  the  uniform  ampUtude  versus  fre- 
quency type,  the  total  noise  power  at  the  motor  input  is  therefore, 


Jo 


1  +  M 


(cO     +   Wm)w"  du.  (15) 


Again,  w,„  is  the  reciprocal  time-constant  of  the  motor  and  A'l  is  a  propor- 
tionality constant.  If  co„,  is  less  than  about  half  the  cross-over  frequency, 
then  the  noise  power  at  the  motor  input  increases  as  the  fifth  power  of  the 
bandwidth  of  the  servo  transfer  characteristic.'^  Thus,  if  the  input  signal/ 
noise  ratio  is  small,  this  effect  may  be  an  important  design  consideration. 

Still  other  servo  errors  may  result  from  local  extraneous  signals  or  from 
coulomb  and  static  frictional  effects.  These  error  sources  are  in  a  some- 
what different  class  from  those  discussed  previously,  in  that  they  are  more 
nearly  under  the  designer's  control.  That  is,  such  extraneous  signals 
and  friction  may  be  kept  small  by  proper  design  and  the  residual  friction 
effects  further  reduced  by  the  use  of  local  feedback.  In  the  absence  of 
local  feedback,  the  servo  error  resulting  from  frictional  or  other  torque  dis- 
turbances at  the  output  shaft  readily  is  found  to  be 

S{jo})    1  +  M 

S{jo^)  is  the  actual  stifTness  (loop  opened)  of  the  output  mesh,  and  T  is  the 
disturbing  torque.  T  conceivably  may  represent  static  or  coulomb  friction, 
load-torque  irregularities  due  to  fluctuating  running-friction,  or  wind  torque. 
Again  assuming  the  mechanical  impedance  to  be  resistance  and  inertia  in 
series,  the  mechanical  stiffness  is,  from  (2.2),  Sijo:)  =  jo}{R  +  i"/).  Thus 
the  error  is 

T  1 

]ui{R  -r  joiJ)  1  +  M 
and  the  apparent  output  stiffness  (loop  closed)  is 

S'  =  MR  +  jc^J)  (1  +  m).  (16.2) 

If  T  is  taken  as  the  static  load  torque,  the  resulting  static  error  is  found 
by  setting  w  =  0  in  (16.1).  Assuming  that  fi  behaves  as  wo/jco  when  co 
approaches  zero,  the  static  error  is 

A.  =  -^,  (16.3) 

2^  This  assumes  a  constant  functional  form  for  the  transfer  characteristic.  However, 
the  statement  holds  approximately,  even  with  considerable  variation  in  this  form. 
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and  the  apparent  low-frequency  stiffness  is  oiaR,  being  the  ratio  of  the 
mechanical  resistance  to  the  velocity  error  coefficient.  It  may  be  noted 
that  the  static  error  will  vanish  if  the  loop  transmission  approaches  infinity 
more  rapidly  than  1/w  as  co  approaches  zero. 

3.4  Cofnparison  of  n  Characteristics  for  a  Particular  Input  Signal 

In  order  to  illustrate  the  advantages  of  shaping  the  loop  characteristic 
for  a  particular  input  signal,  a  brief  discussion  will  be  given  of  the  design  of 
an  automatic  radar  loop  to  track  an  airplane  in  azimuth  over  a  constant 
linear- velocity  course.  The  servo  configuration  is  that  given  by  Fig.  5b, 
di  being  the  azimuth  angle  of  the  target  and  6-2  the  corresponding  antenna 
angle.     The  lobing  radar  antenna  has  been  assumed  to  take  the  place  of  the 


Fig.  12 — .\zimuth  angle  for  constant  linear  velocity  course. 

synchro  pair.     Thus  /3  =  —  1,  and  an  error  signal  proportional  to  ^i  —  Oz  is 
developed." 

Assuming  a  constant  linear-velocity  course  having  a  ma.\imum  azimuth 
rate  of  30  degrees/sec,  the  target  azimuth  angle  is  given  by  '^^ 

di{t)  =  tan-'  .524/,  (17) 

which  is  plotted  in  Fig.  12. 

This  course  will  develop  a  maximum  azimuth  acceleration  di  of  ±10.3 
degrees/sec^  and  a  maximum  di  of  -16.4  degrees/secl  The  continuous 
frequency  spectrum  of  di{t)  may  be  found  from  (10.1)  to  be 


Fi(u)   =  T 


-1.9lul 


J'^ 


(18) 


?fi  Assuming  a  low  elevation  course.  .     ,     •     j        .         ■  ^    c 

2«The  azimuth  angle  has  been  so  taken  that  zero  azimuth  is  obtained  at  the  point  ot 
nearest  approach. 
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A  logarithmic  plot  of  |  Fi(aj)  |  is  shown  in  Fig.  13.*  It  may  be  seen  that  the 
input  signal  spectrum  fails  at  6  db/octa.ve  for  oj  «  0.5,  at  12  db/octsive 
forw  =  0.524,  and  30  db/octa,ve  at  co  =  2.1. 

Assuming  that  the  permissible  dynamic  error  is  0.3  degree,  a  comparison 
will  be  made  between  the  type  1  and  type  3  loop  characteristics  of  the  pre- 
vious section.  For  the  type  1  system,  which  will  have  essentially  a  pure 
velocity  error,  (12.1)  shows  the  required  value  of  wo  to  be  30/0.3  or  100. 
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Fig.  13 — Target  frequency  spectrum  for  constant  velocity  course. 


Thus  ju  =  100//co.  Figure  14  shows  a  logarithmic  plot  of  the  corresponding 
I  fi  |.  This  characteristic  departs  rapidly  from  the  shape  of  input  signal 
spectrum  given  by  Fig.  13,  as  w  is  increased  above  0.1. 

The  type  3  characteristic  permits  a  considerably  better  match.  Choosing 
a  compromise  value  for  wi  of  0.1,  (12.3)  may  be  used  to  calculate  the  neces- 
sary value  of  ojo  as  415.  Thus  the  loop  transmission  becomes  /z  = 
Al.S/jojijw  -f-  0.1).  Figure  14  shows  a  plot  of  the  corresponding  |/i|, 
modified  near  the  gain  cross-over  to  satisfy  the  stability  requirements. 
This  curve  is  a  considerably  better  average  match  for  the  target  frequency- 
spectrum  up  to  o)  =  1.  The  resulting  txpe  3  system  has  a  predominant 
acceleration  error  as  judged  from  the  ma.ximum  velocity  and  acceleration 
errors  of  .072  degree  and  0.25  degree  respectively. 

The  total  dynamic  error  curves  for  the  constant-velocity  course  are  given 

*  I  Fi(ci>)  I  =  T  has  been  taken  as  the  zero  db  level. 
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Fig.  14 — Tracking  loop  characteristics. 
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Fig.  15 — Tracking  errors  for  constant  velocity  course. 


644 


BELL  SYSTEM  TECHNICAL  JOURNAL 


in  Fig.  15.  The  velocity  error  of  the  type  1  system  is  always  a  lagging  error 
and  is  maximum  at  the  point  of  nearest  approach.  The  type  3  composite 
of  velocity  and  acceleration  errors  is  lagging  over  about  the  first  half  of  the 
course  and  leading  for  the  second  half,  having  lead  and  lag  maxima  at  points 
closely  grouped  about  the  point  of  nearest  approach. 

Although  the  two  loop  characteristics  develop  the  same  maximum  dy- 
namic error  on  the  specified  target  course,  their  transient  responses  to  an 
input  step  differ  widely,  as  may  be  seen  from  Fig.  16.  The  rise  time  for  the 
type  1  loop  is  about  .03  second  compared  with  an  initial  rise  in  0.17  second 
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Fig.  16 — -Transient  response  of  tracking  servos. 


for  the  type  3  system.  Also,  because  of  the  overshoot  the  type  3  system 
requires  about  0.7  second  to  settle  within  5%  of  the  equilibrium  value. 

For  a  final  comparison  of  the  two  systems  the  corresponding  transfer 
characteristics,  y./{\  +  n),  are  plotted  in  Fig.  17  on  arithmetic  amplitude 
and  frequency  scales.  It  may  be  seen  that  the  type  1  system  is  vulnerable 
to  noise  and  interfering  signals  over  a  far  wider  frequency  range  than  the 
type  3.  Again  assuming  uniform  input  noise  versus  frequency,  (14)  may 
be  used  to  show  that  the  ratio  of  output  noise  power  for  the  two  systems  is 
about  7.5:1. 

Thus  the  luxury  of  crisp  transient  response  as  obtained  with  the  type  1 
system  may  demand  a  heavy  penalty  in  terms  of  output  fluctuations  due  to 
noise  and  other  unwanted  signal  variations.     This  is  a  clear  illustration  of 
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the  necessity  for  designing  the  servo  loop  to  match  the  type  of  input  signal 
to  be  transmitted,  jiarlicularly  for  radar  tracking  systems  where  the  "un- 
wanted variations"  are  ever  present. 

3.5  Use  of  Local  Feedback 

There  are  many  examples  of  the  use  of  local  or  subsidiary  feedback  in 
servo  systems.  The  more  common  of  these  include  feedback  around  vacuum 
tube  power  amplifiers  to  obtain  improved  linearity  and  impedance  proper- 
ties, and  over-all  feedback  around  amplifier  and  motor-drive  systems  to 
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Fig.  17 — Frequency  response  of  tracking  servos. 

suppress  frictional  effects,  increase  output  stiffness,  and  modify  the  inherent 
frequency  characteristics  of  the  basic  components."  The  tendency  toward 
"/3  circuit  dependency"  as  previously  discussed  also  produces  greater  con- 
stancy of  the  stage  transfer  characteristics  with  time,  temperature,  etc. 

Perhaps  the  simplest  and  most  useful  kind  of  local  feedback  is  negative 
tachometer  (velocity)  feedback  around  motor-drive  systems.  This  type  of 
feedback  widens  the  transfer  frequency  band  of  the  drive  system  by  reduc- 
ing its  time-constant,  and  increases  the  linear  speed  range  of  the  motor. 
This  may  be  illustrated  by  referring  back  to  Fig.  7,  which  shows  a  typical 
tachometer  loop.     Assuming  the  transfer  ratio  of  the  ampHfier  to  be  a  con- 

"  In  a  slightly  different  class  are  the  servo  systems  used  to  provide  automatic  frequency 
and  gain  control  in  radio  systems. 
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stant  A,  the  transfer  ratio  of  the  motor  and  amplifier  without  feedback  is, 
from  (3.1), 

Mr  =  T^  (loop  open)  =   y  ^—-. — ■ ,  (19) 

E  J  JOiijOi  +  w„) 

where  the  constant  /io  =  Ayn  .  (To  avoid  confusion  with  primary  loop 
quantities,  the  tachometer  loop  will  be  represented  by  the  s>Tnbols  jur  and 
/3r  ,  rather  than  n  and  )3.)  The  quantity  oim  was  defined  as  the  ratio  {Rm  + 
R'm)/J  (see  Fig.  2b),  and  is  the  reciprocal  of  the  motor  time  constant. 
Replacing  {Rm  +  Rn^  by  R  for  convenience,  (19)  may  be  rewritten  as 

Mr  =  t;  (loop  open)  =  ■    .^7  •    n  •  ^^^'^^ 

The  transfer  ratio  of  the  tachometer  is 

Ep 
^T  =  -r  =   —jo:Rt  , 

and  thus  the  loop  transmission  characteristic  is 

R  +  jooJ 

For  values  of  a>  small  compared  with  co„  this  loop  transmission  is  constant 
and  closely  given  by  ht^t{^)  =  —fioRt/R-  When  w  ^  com  ,  htPt  ap- 
proaches the  form  —isoRt/jooJ,  and  thus  falls  off  at  6  db /octaxe.  Conse- 
quently the  maximum  phase  shift  of  the  factor  —fxr^r  is  —90  degrees,  and 
no  stability  problem  arises  for  the  local  tachometer  loop.^* 

From  (19.1)  and  (20),  the  over-all  transfer  ratio  with  feedback  is 

-  (loop  closed)  =  —  , 

E  1     —    flTRT 

(21) 
_  /fo 

juiR  +  fioRt  +  joiJ)' 

Comparing  (21)  with  (19.1),  it  may  be  seen  that  the  sole  effect  of  the  tach- 
ometer feedback  upon  the  over-all  transfer  ratio  has  been  to  add  an  apparent 
"ohmic"  friction  or  mechanical  resistance  ^loRt  to  the  original  value  R. 
(It  will  be  shown  that  this  increase  in  apparent  mechanical  resistance  also 
is  effective  in  increasing  the  mechanical  output  impedance,  although  no 
power  is  dissipated  in  the  added  component  noRt-) 

**  Actually,  the  effects  of  parasitic  elements  always  modify  this  situation  somewhat, 
especially  if  unusually  high  loop  transmission  is  sought.  However  tachometer  loops  often 
require  little  or  no  stabilizing  equalization. 
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Equation  (21)  also  may  be  written  as 


-  (loop  closed)  =  ^°  .   ..      ,      ,s 


(21.1) 


where  co,,,  =  (R  -\-  iJ.oRt)/J  is  the  new  corner  frequency. 

The  change  in  over-all  transfer  ratio  clue  to  the  tachometer  feedback  is 
shown  in  Fig.  18.  The  solid  line  diagrams  A  and  B  are  the  transfer  gains 
without  feedback  and  with  feedback,  respectively.-'  At  low  frequencies 
such  that  a;  «  w,,,  ,  the  feedback  reduces  the  transfer  ratio  by  the  factor 
o^m/ccm  ,  the  ratio  of  the  two  corner  frequencies.  In  order  to  restore  this 
iow-frequency  loss  in  transmission,  it  is  necessary  to  provide  an  added 
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Fig.  18 — Effect  of  tachometer  feedback  on  motor  characteristic. 

amplification  w„,/wm  •  If  this  is  accomplished  by  increasing  no  and  decreas- 
ing Rt  so  that  the  product  jjoRt  remains  constant,^'  the  resulting  transfer 
ratio  will  be  that  shown  by  the  dotted  lines  C  in  Fig.  18.  Comparing  A  and 
C,  it  may  be  seen  that  the  net  result  of  applying  tachometer  feedback  and 
increasing  the  amplifier  gain  is  to  widen  the  transfer  bandwidth  by  the 
factor  com/wm  •  The  required  increase  in  amplification  is  the  cost  of  widening 
the  transfer  bandwidth  either  by  tachometer  feedback  or  by  non-feedback 
means,  such  as  the  use  of  a  "forward-acting"  equalizer  in  the  amplifier. 
(However,  such  forward  acting  equalization  fails  to  provide  the  increased 
over-all  linearity  and  mechanical  impedance  obtained  by  the  feedback 
method.)  At  frequencies  sufiicicntly  high  that  w  ^  oj^  ,  the  change  in 
transfer  ratio  due  to  the  feedback  disappears,  the  mechanical  inertia  be- 
coming the  controlling  element. 

^'  The  straight  Une  asymptotes  have  been  drawn  instead  of  the  actual  gain  curves. 
'"  This  is  also  the  factor  by  which  the  feedback  reduces  the  output  speed  obtained  for  a 
steady  input  voltage,  neglecting  circuit  non-linearites  and  coulomb  friction. 
'1  This  ensures  a  fixed  loop  transmission,  and  thus  an  unchanging  value  for  um . 
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For  CO  small  compared  with  ccm  ,  (21)  becomes 

-  (loop  closed)  c^  .    ,„   , =-.  ,  (w  «  com). 

E^     ^  MR  +  fxoRt) 

If  the  tachometer  feedback  is  substantial  (col  »  w„),  this  may  be  further 
approximated  as 

i  (loop  closed)  ^J-,       (  ^,  f^'^^  )  .       (21.2) 

and  the  corner  frequency  becomes 

/        HfsRt  /"   '  ^^^   .  ^ 

COm  ^=^  — f-  5  \^rn  ^^  U>m) ' 

Thus  for  reasonably  high  feedback,  the  over-all  transfer  ratio  (21.2) 
depends  only  upon  the  tachometer  characteristic,  being  substantially  inde- 
pendent of  changes  in  the  original  mechanical  resistance  R  or  the  amplifier- 
motor  factor  MO-  The  corner  frequency  coL  is  similarly  independent  of 
changes  in  R,  although  still  a  direct  function  of  mo  .  Thus  the  principal 
non-Unearity  of  two-phase  induction  motors,  namely  variation  in  electrical 
damping  with  speed,  is  effectively  suppressed  by  this  type  of  local  feed- 
back, and  systems  employing  such  motors  up  to  80%  of  their  synchronous 
speed  may  be  designed  on  a  linear  basis. 

The  increase  in  mechanical  impedance  due  to  the  feedback  may  be  shown 
by  assuming  a  torque  disturbance  T  applied  at  the  output  shaft.  Without 
feedback,  the  resulting  speed  disturbance  is 

T  T 

e  (loop  open)  =  -5-  =  p   ,    •    r  • 

With  feedback,  the  corresponding  shaft  speed  disturbance  becomes 

T  \ 

6  (loop  closed)  =    7^  •  ~ —  , 

Zm         I    —    firPT 


R  -f  fioRt  +  jioJ 


Thus  the  apparent  mechanical  resistance,  and  therefore  the  protec- 
tion against  frictional  torques,  has  been  multiplied  by  a  factor 
(1  +  fJioRt/R)  =  ccL/wm  .  If  the  motor-drive  system  with  tachometer  feed- 
back is  employed  in  a  simple  follow-up  system  of  the  type  of  Fig.  5, 
equation  (16.3)  shows  that  the  resulting  low-frequency  output-shaft  stiffness 
will  be  o}o{R  +  noRt)  or  (col/co™)coo2?.^-  Therefore  the  output  stiffness  has 
^^  The  low-frequency  loop  transmission  of  the  follow-up  loop  is  again  taken  to  be  uo/joi. 
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been  increased  by  the  factor  aj,„/w,„  over  that  obtained  without  the  use  of 
local  feedback,  assuming  identical  follow-up  loop  characteristics  (/ijS)  for 
the  two  cases.  The  ratio  col/com  thus  directly  measures  the  feedback 
eduction  of  static  and  low-speed  errors  of  the  follow-up  system  due  to 
torque  disturbances.  In  practice  the  resulting  increase  in  static  accuracy 
may  be  of  the  order  of  10  to  100  times. 

3.6  Error  Reduction  by  Non-Feedback  Means 

In  situations  where  the  noise  associated  with  the  input  signal  is  small,  it 
may  be  desirable  to  reduce  the  dynamic  errors  obtained  with  a  given  servo 
system  by  the  use  of  forward-acting  equalization  external  to  the  loop. 
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Fig.  19 — Forward-acting  error  compensation. 

That  is,  the  dynamic  error  characteristic  may  be  computed,  and  the  servo 
input  or  output  modified  by  supplementary  networks  in  such  a  fashion  as 
to  reduce  the  over-all  error. 

An  illustrative  arrangement,  which  is  suitable  when  the  input  member  is 
accessible,'^  is  shown  in  Fig.  19.  For  convenience  the  servo  is  taken  to  be  a 
simple  follow-up  system  having  ^  =  -1.  The  m  circuit  is  shown  divided 
into  two  parts,  mi  and  y.2  .  'i  ypically,  mi  may  be  the  transfer  stiffness  of  a 
synchro  pair  (Fig.  3b),  and  M'j  the  transfer  characteristic  of  a  motor-drive 
system.  The  normal  dynamic  error  component  for  such  a  loop,  omitting 
the  dotted  line,  has  been  shown  to  be  l\/{\  +  ^i).  If  an  additional  signal 
HaFi  is  obtained  from  the  input  member  and  injected  into  the  system  as 
shown  by  the  dotted  line,  then 

F2  =  7— —  Fi  +  — —  ti , 
1  -f  /x  1  +  M 


M   +  MaM2 


Fx 


1  +  M 
"  This  is  not  the  case  for  a  radar  trackkig  loop,  for  instance. 
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Thus  the  over-all  error  becomes 
Fi  —  Fo  ^^ 


l-^-±^^]F,, 

1  +  M 


or 


Fi  -  Fi  =  —— Fi . 

1  +  M 

If  the  added  transmission  path  is  so  designed  that 
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Fig.  20 — Forward-acting  tachometer  system. 

then  Fi  =  F^  ,  and  the  dynamic  error  vanishes.  Thus  the  desired  form 
of  the  added  transmission  depends  only  upon  the  m  portion  of  the  loop 
characteristic.  It  will  not  be  possible  to  satisfy  the  condition  given  by  (23) 
exactly,  especially  at  the  higher  frequencies  where  noise  enhancement  and 
parasitic  effects  will  become  increasingly  important.  However,  it  is  often 
possible  to  obtain  the  proper  form  for  juo  over  the  range  of  frequencies  re- 
sponsible for  the  bulk  of  the  dynamic  error.  If  /Xo  has  the  proper  frequency 
characteristic  but  is  too  large  by  10%,  for  instance,  it  may  be  seen  from  (22) 
that  there  still  remains  a  10/1  increase  in  dynamic  accuracy. 

The  foregoing  method  is  especially  applicable  when  n^  represents  the  trans- 
fer characteristic  of  a  motor-drive  system  employing  tachometer  feedback, 
as  shown  in  Fig.  20.  Here  the  basic  input-output  comparison  is  obtained 
by  means  of  the  synchro  pair,  while  a  tachometer  coupled  to  the  input  shaft 
provides  the  error-reducing  signal.  Thus  the  transmission  Ha  is  equal  to 
joiR't  ,  where  R't  is  the  tachometer  transfer  resistance.     The  expression  for 
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M2  is  given  approximately  by  (21.2)  as  \/Jq)Ri  .  Thus,  by  (23),  Rt  c-^  Rt 
for  substantial  cancellation  of  the  dynamic  error  (at  frequencies  small  com- 
pared with  ojm).  That  is,  the  output  voltages  of  the  two  tachometers  must 
closely  annul  each  other  when  the  input  and  output  shafts  are  travelling 
at  the  same  speed.  Since  the  tachometers  may  be  closely  alike  and  excited 
from  the  same  supply  line,  it  is  comparatively  easy  to  keep  their  transfer 
ratios  closely  matched.  In  practice  an  error  reduction  of  20/1  is  readily 
maintained  by  this  method. 

The  error  compensation  scheme  described  above  does  not  change  the 
loop  characteristic  /u/S  of  the  basic  servo  loop,  and  thus  does  not  create  new 
stability  problems.  Its  use  to  obtain  high  servo  accuracy  is  desirable 
when  the  input  noise  is  small  and  when  a  high  loop  gain  is  difficult  to  obtain 
because  of  parasitic  elements  or  equipment  complexities. 
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Computation  of  Inter  facial  Angles ,  Interzonal  Angles,  and  Clinographic  Pro- 
jection by  Matrix  Methods}  W.  L.  Bond.  A  way  of  setting  up  the  general 
crystallographic  axes  a,  b,  c  on  unit  orthogonal  axes  x,  y,  z  is  used  to  afford  a 
matrix  method  of  computing  interfacial  angles  and  zonal  angles.  It  also 
affords  a  method  of  making  clinographic  projections. 

A  Current  Distribution  for  Broadside  Arrays  which  Optimizes  the  Relation- 
ship between  Beam  Width  and  Side-Lobe  Level?  C.  L.  Dolph.  A  one- 
parameter  family  of  current  distributions  is  derived  for  symmetric  broadside 
arrays  of  equally  spaced  point  sources  energized  in  phase.  For  each  value 
of  the  parameter,  the  corresponding  current  distribution  gives  rise  to  a 
pattern  in  which  (1)  all  the  side  lobes  are  at  the  same  level;  and  (2)  the  beam 
width  to  the  first  null  is  a  minimum  for  all  patterns  arising  from  symmetric 
distributions  of  in-phase  currents  none  of  whose  side  lobes  exceeds  that  level. 

Design  curves  relating  the  value  of  the  parameter  to  side-lobe  level  as  well 
as  the  relative  current  values  expressed  as  a  function  of  side-lobe  level  are 
given  for  the  cases  of  8-,  12-,  16-,  20-,  and  24-element  linear  arrays. 

Paper  Capacitors  Containing  Chlorinated  Impregnants — Mechanism  of  Sta- 
bilization? L.  Egerton  and  D.  A.  McLean.  The  stabilization  of  paper 
capacitors  containing  chlorinated  aromatic  impregnants  with  small  quanti- 
ties of  organic  additives  is  well  established  commercially.  Although  for 
practical  reasons  anthraquinone  was  chosen  for  initial  commercial  applica- 
tion, other  quinones  are  also  effective,  as  are  the  nitroaromatics,  maleic 
anhydride,  and  sulfur.  Evidence  is  given  that  the  mechanism  of  stabiliza- 
tion consists  of  the  formation  of  barrier  films  on  the  electrodes.  These  bar- 
rier films,  which  in  certain  cases  may  cover  only  the  active  points  on  the 
electrode  surface,  reduce  the  catalytic  decomposition  of  the  chlorinated  im- 
pregnant  by  the  electrode  metal,  prevent  attack  of  the  electrodes  by  liberated 
hydrogen  chloride,  and  hinder  electrolytic  action.  It  appears  likely  that  the 
film-forming  properties  of  the  stabilizers  are  dependent  upon  their  oxidizing 
power.  A  secondary  effect  of  stabiHzers  may  be  the  formation  of  complexes 
with  aluminum  chloride  to  diminish  the  activity  of  the  latter  or  change  the 
nature  of  the  reactions  which  it  induces.     Conductivity  measurements  in 

^American  Mineralogist,  Vol.  31,  pp.  31-42  (1946). 
^Proc.  LR.E.  attd  Waves  and  Electrons,  June  1946. 
^  Indus,  and  Engg.  Chemistry,  May  1946. 
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HCl-saturated  chlorinated  diphenyl  containing  soluble  additives  are  in  line 
with  known  hydrogen-bonding  tendencies  of  the  additives.  Compounds 
which  are  strong  organic  bases  do  not  stabilize  capacitors. 

Quartz  Crystals  for  Electrical  Circuits ^  R.  A.  Heisikg.  This  book  is  a 
compendium  of  information,  both  theoretical  and  practical,  on  quartz 
crystal  plates,  their  design  and  manufacture.  It  embodies  the  vast  experi- 
ence of  the  Bell  Telephone  Laboratories  in  research  and  in  manufacture  of 
quartz  cr}-stals.  It  originated  from  a  series  of  lectures  given  by  the  members 
of  the  Laboratories  technical  staff  who  had  carried  out  the  early  studies  and 
developments  in  this  field.  By  this  means,  engineers  were  trained  for  the 
immense  expansion  in  cr^'stal  manufacture  required  to  meet  the  demand  of 
our  military  forces  during  the  War.  These  lectures  have  been  reorganized 
and  rewritten,  and  are  published  together  in  this  comprehensive  book.  Arti- 
cles covering  some  of  the  various  chapters  have  appeared  in  the  Bell  System 
Technical  Journal. 

The  treatment  covers  in  full  the  theory  and  practice  of  the  preparation  of 
quartz  crA'stals,  the  instruments  used,  including  new  types  developed  for 
special  purposes,  the  problems  encountered  in  the  various  uses  of  quartz 
cr}'stals,  and  the  full  details  of  the  methods  devised  for  their  solution.  The 
various  processing  chapters,  dealing  with  cutting  and  grinding,  plating  and 
other  topics  of  equal  importance,  include  much  information  that  appears  for 
the  first  time  in  any  book.  The  account  of  the  manufacturing  process  is 
most  complete.  There  are  discussions  of  new  practical  methods  of  adjust- 
ment to  frequency,  of  the  new  performance  indicator,  of  a  new  t^'pe  of 
cr>'stal  cut  that  operates  at  very  low  frequencies,  and  many  new  develop- 
ments that  represent  notable  advances  in  crystal  technology'. 

Geometrical  Characterizations  of  Some  Families  of  Dynamical  Trajectories} 
L.  A.  MacColl.  The  chief  problem  considered  in  this  paper  is  that  of  ob- 
taining a  set  of  geometrical  properties  which  shall  completely  characterize 
the  five-parameter  family  of  trajectories  of  an  electrified  particle  moving  in 
an  arbitrary  static  magnetic  field.  A  solution  of  the  problem  is  found  in  the 
form  of  a  set  of  four  principal  and  four  subsidiar\-  properties.  A  geometrical 
characterization,  in  the  form  of  a  set  of  two  properties,  is  also  given  of  the 
four-parameter  family  of  trajectories  of  an  electrified  particle  moving  in  an 
arbitrary  static  magnetic  field  with  an  arbitrarily  prescribed  value  of  the 
total  energ>\  Various  other  properties  of  the  families  of  cur\'es  are  dis- 
cussed, and  the  paper  closes  w^ith  a  brief  consideration  of  some  analogous 
problems  in  which  the  particle  moves  in  a  fLxed  plane. 

'' Published  by  D.  Van  Nostrand  Company,  Inc.,  New  York,  X.  Y.,  1946. 
^  Amer.  Math.  Soc.  Trans.,  July  1946. 
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Comparison  of  Natural  and  Synthetic  Hard  Rubbers.^  G.  G.  Winspear, 
D.  B.  Herrmann,  F.  S.  Malm,  and  A.  R.  Kemp.  GR-S,  nitrile,  and  natural 
hard  rubbers  are  compared  as  regards  compounding,  processing,  vulcaniza- 
tion, and  physical  and  dielectric  properties.  Natural  rubber  and  GR-S 
compounds  intermediate  in  sulfur  content  between  hard  and  soft  rubber  also 
are  compared.  GR-S  and  nitrile  rubber  compositions  suitable  for  commer- 
cial ebonite  fabrication  are  described.  Extensive  breakdown  of  the  basic 
copolymers  has  little  effect  on  the  physical  properties  of  synthetic  ebonites. 
The  time  required  for  the  beginning  of  exothermic  reaction  in  vulcanization 
is  longer  for  GR-S  than  for  natural  rubber  ebonites.  Rockwell  hardness  is 
greater  for  GR-S.  Some  GR-S  ebonites  are  penetrated  to  the  same  depth 
as  natural  ebonites,  with  a  greater  tendency  toward  instantaneous  recover^'. 
The  two  are  similar  in  impact  strength,  but  the  ability  to  withstand  a  sharp 
bend  is  characteristic  of  natural  ebonites  alone.  The  latter  are  superior  to 
GR-S  ebonites  in  heat  deformation  below  60°  C.,  but  above  this  temperature 
the  reverse  is  true  and  nitrile  ebonites  are  superior  to  both.  GR-S  ebonites 
are  more  stable  and  nitrile  ebonites  less  stable  chemically  than  natural 
ebonites.  GR-S  ebonite  dust  as  a  filler  increases  brittleness.  A  diatoma- 
ceous  earth  improves  the  processing  properties  of  GR-S  hard  rubbers.  The 
adverse  effect  of  ultraviolet  light  on  surface  resistivity  is  reduced  when  a 
GR-S  hard  rubber  is  filled  with  whiting.  Natural  and  GR-S  hard  rubbers 
are  alike  in  dielectric  behavior. 

Signal  and  Noise  Levels  in  Magnetic  Tape  Recording^  D .  E.  Wooldridge. 
The  primary  object  of  the  work  described  here  was  to  determme  what  proper- 
ties of  the  tape  and  associated  magnetic  elements  are  responsible  for  the 
noise  and  signal  output  levels  of  magnetic  recordings  and,  if  possible,  to  dis- 
play in  specific  equations  the  pertinent  relationships  connecting  noise  and 
signal  levels  with  the  physical  properties  of  the  tape  and  polepieces.  In  the 
course  of  the  study,  methods  appeared  for  decreasing  the  noise  and  increas- 
ing the  useful  signal  reproduced  from  magnetic  tape.  These  methods  and 
some  of  the  use  that  Bell  Telephone  Laboratories  and  Western  Electric  have 
made  of  them  are  mentioned  in  the  discussion.  While  some  of  the  work 
described  in  this  paper  has  implications  for  more  than  one  t}'pe  of  magnetic 
recording  process,  perpendicular  recording  on  tape  is  the  actual  subject  mat- 
ter dealt  with.  In  every  case  discussed,  the  record  medium  was  0.050  inch 
wide  and  0.0022  inch  thick.  Except  where  otherwise  noted,  a  chrome-steel 
tape  was  used  at  a  speed  of  16  inches  per  second. 

^  Indus,  and  Engg.  Chemistry,  July  1946. 
^  Elec.  Engg.,  Trans.  Sec,  June  1946. 
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